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ABSTRACT 
The effects of deformation properties on the bond of steel reinforcing bars to 
concrete are studied to develop guidelines for commercially produced high relative 
rib area deformation patterns and accurate equations to predict bond strength. The 
fundamental behavior of bond is studied using finite element analysis. 
Beam-end tests are used to investigate the effects of bar size, relative rib area, 
and the ratio of rib width (measured parallel to the longitudinal axis of the bar) to 
center-to-center rib spacing on bond strength. 139 specimens containing bars with 
relative rib areas, R" ranging from 0.05 to 0.28 were tested both with and without 
transverse stirrups confining the test bar. Bond strength is not affected by Rr for bars 
not confined by transverse stirrups, but increases as bar size and Rr increase for bars 
confined by transverse stirrups. Bond strength decreases when the ratio of rib width 
to center-to-center rib spacing is greater than 0.45. 
Splice tests are used to investigate the effects of bar size, relative rib area, 
epoxy coating, and the amount of transverse reinforcement confining the bars on 
splice strength. Thirty tests of beams containing No. 5 and No. II (16 and 36 mm) 
bars are combined with sixty-three previously reported tests of beams containing No. 
8 (25 nun) bars. The combined results include tests for bars with Rr ranging from 
0.065 to 0.140. The results show that splice strength is unaffected by Rr for splices 
not confined by transverse reinforcement, but increases as bar size and Rr increase for 
splices confined by transverse reinforcement. Under all conditions of confinement, 
epoxy coating has a less detrimental effect on the splice strength of high relative rib 
area bars than on the splice strength of conventional bars. Accurate splice strength 
equations, that account for the effects of bar size, relative rib area, and epoxy coating 
on bond strength, are combined with a reliability-based strength reduction factor 
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CHAPTER 1: INTRODUCTION 
1.1 General 
The tensile strength of concrete is much lower than the compressive 
strength and is usually neglected in design. For this reason, reinforcing steel must 
be added to resist any tensile forces in a member that can arise from axial loading 
or bending. If the member is to act as intended, there must be adequate bond 
developed so that stresses can be transferred between the concrete and 
reinforcement. 
Reinforcing steel originally consisted of smooth bars. The bond strength 
of these bars was provided by friction and chemical adhesion between the steel 
and concrete. Both of these contributions to bond strength are very weak which 
necessitated the use of end hooks to properly anchor the bars. With the 
introduction of deformed bars, bond strength was greatly improved by the 
addition of a mechanical interlock component to bond strength provided by 
bearing of the ribs on the surrounding concrete. This eliminated the need for end 
hooks in most cases. Another advantage of deformed bars is that bond is provided 
along the entire length of the bar instead of only at the ends, as is the case for 
hooked smooth bars. This helps enforce strain compatibility between the steel 
and concrete along the length of the member, which is one of the primary 
assumptions on which the design of reinforced concrete is based. True strain 
compatibility would require perfect bond, but the improved bond of deformed 
bars makes this assumption nearly correct. 
To ensure that the strength of a bar is developed, an adequate splice or 
development length must be provided. An accurate equation to predict splice and 
development lengths is needed to ensure safety without compromising the cost of 
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the structure due to overly conservative requirements. If bond strength can be 
improved, the cost of the structure can be reduced while maintaining safety. 
The current study extends previous research at the University of Kansas to 
develop deformation patterns with improved bond characteristics. This report 
presents the results of tests to evaluate improved deformation patterns and 
investigate the effects of deformation properties on bond strength. The test results 
are used to develop accurate equations to predict splice and development length 
which take into account the effects of deformation properties on bond strength. In 
addition to the experimental work, the finite element method is used to study bond 
between reinforcing bars and concrete. The results of a study to investigate the 
economic and practical construction benefits produced in actual structures through 
the use of new design equations for bars with improved bond characteristics is 
also presented. 
1.2 Previous Work 
1.2.1 Deformation Properties 
The earliest investigation into the bond strength of deformed bars was 
reported by Abrams (1913). In that study, smooth and deformed bars were tested 
using beam and pullout specimens. Deformed bars were reported to produce 
higher bond strengths than smooth bars. However, because Abrams was 
interested in studying bond over a wide range of slip, most of the specimens were 
reinforced against bursting, and he doubted whether the high ultimate bond 
strengths were useful because of the excessive amount of slip which accompanied 
them. A round bar with 0.082 in. (2.1 mm) deep threads spaced 0.125 in. (3.2 
3 
mm) on center was also tested. This bar produced substantially higher bond 
forces at low slips and at ultimate than the commercially produced bars tested. 
In the 1940s, Clark (1946, 1949) investigated the bond performance of 17 
deformation patterns in use at the time of the study, using mostly pullout and 
some beam specimens. The bars were rated based on the bond stresses developed 
at predetermined values of slip. Clark observed that the rating increased as the 
ratio of shearing area (bar perimeter times the distance between deformations) to 
the bearing area (projected rib area normal to the bar axis) of the deformations 
decreased. The relationship between shearing and bearing areas is currently 
expressed as the inverse ratio, known as relative rib area, Rr. As shown in Fig. 
1.1, relative rib area is defined as the projected rib area normal to the bar axis 
(bearing area) divided by the product of the nominal bar perimeter and the center-
to-center rib spacing (shearing area). The work by Clark over 45 years ago is the 
basis for the current deformation requirements for minimum rib height and 
maximum spacing given in ASTM A 615/A 615M, A 616/A 616M, A 617/A 
617M, and A 7061 A 706M. Clark also recommended that the ratio of shearing to 
bearing area be limited to a maximum of 10 (Rr = 0.10) and if possible 5 or 6 (Rr 
= 0.20 or 0.17). These recommendations were not included in the ASTM 
requirements, and as a result, values of Rr for deformed bars currently in use in 
the U. S. are much lower than Clark's recommendations, typically ranging from 
0.06 to 0.08. 
Rehm (1957, 1961) reported that, if the ratio of rib spacing to height is 
greater than 10 and the rib face angle (the angle between the face of the rib and 
the longitudinal axis of the bar) is greater than 40°, the concrete in front of the ribs 
crushes, forming a wedge with a lower effective face angle, which then causes 
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splitting of the surrounding concrete. This observation was supported by Lutz and 
Gergely (!967) and Skorobogatov and Edwards (1979). Lutz and Gergely (!967) 
reported that crushing of the concrete in front of the ribs occurs when the rib face 
angle is greater than about 40°. They also observed that no crushing and greater 
slip occurs when the rib face angle is less than 30°. Skorobogatov and Edwards 
(1979) found that rib face angles of 48.5° and 57.8° do not affect the maximum 
bond stress, because the face angle is flattened by the crushed concrete in front of 
the ribs. 
Losberg and Olsson (1979) found that traditional pullout tests are not 
useful in studying the bond performance of deformed bars because the failure 
does not normally involve splitting. Their tests of three different deformation 
patterns showed substantially different results for pullout tests than for beam tests. 
They also observed that transverse ribs (ribs oriented perpendicular to the 
longitudinal axis of the bar) cause slightly less splitting than inclined ribs. 
Soretz and Holzenbein (1979) studied the effects of rib height and spacing 
using bars with the same rib bearing area per unit length but with varying rib 
heights. They found no difference in bond strength up to a slip of 0.039 in. (l 
mrn), but above 0.039 in. (1 mrn) of slip, the pattern with the smallest rib height 
showed 20% lower bond strength. The pattern with the largest rib height 
produced the strongest splitting effect. Soretz and Holzenbein (1979) also studied 
the effects of rib inclination angle (the angle between the rib and the longitudinal 
<L""<is of the bar) and rib face angle. They found that bond strength increases 
slightly the closer the rib inclination angle is to 90° and that rib face angles 
between 45° and 90° have no effect on bond strength. 
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Darwin and Graham (1993a, 1993b) used beam-end specimens to study 
the effects of rib height and spacing on bond strength. Beam-end specimens more 
closely replicate the state of stress in a beam than pullout specimens. In a pullout 
specimen, the bar is placed in tension while the surrounding concrete is placed in 
compression by bearing of the reaction plate. In a beam-end specimen, the bar 
and surrounding concrete are simultaneously placed in tension. Darwin and 
Graham used specially machined 1 in. (25 mm) diameter bars with rib heights of 
0.050, 0.075, and 0.100 in. (1.27, 1.91, and 2.54 mm) with center-to-center 
spacings adjusted to give relative rib areas of 0.05, 0.1 0, and 0.20 for each rib 
height. They observed that the bond force-slip relationship is a function of 
relative rib area, independent of the combination of rib height and spacing used to 
obtain a value of R, and that the initial stiffuess of the bond force-slip curves 
increases as R, increases. For low confinement (low cover and no transverse 
stirrups), bond strength is independent of deformation pattern. However, when 
additional confinement is provided, by including transverse stirrups or increasing 
the cover and lead length (length of concrete before the bonded length of the bar), 
bond strength increases as R, increases. 
1.2.2 Epoxy Coating 
The first study of the effects of epoxy coating on the bond strength of 
deformed bars was conducted by Mathey and Clifton (1976) using pullout 
specimens. They reported that bars with a coating thickness of 25 mils (0.635 
mm) produced unsatisfactory performance. However, for the bars tested with 
coating thicknesses ranging from 1 to 11 mils (0.025 to 0.279 mm), the average 
bond strength of the coated bars was only 6% lower than that of uncoated bars. 
6 
Treece and Jirsa (1987, 1989) studied the effects of epoxy coating using 
splice beams in which there was no transverse reinforcement in the splice region. 
Their tests included ten No. 6 (19 mm) and eleven No. 11 (36 mm) bar specimens. 
Twelve of the specimens contained epoxy-coated bars. Only four of the 
specimens contained bottom-cast splices; the rest were top-cast. Four of the No.6 
(19 mm) bar specimens had covers less than or equal to the maximum size of the 
coarse aggregate. Their tests produced an average ratio of coated to uncoated bar 
splice strength, C/U, of 0.67. The deformation pattern used by Treece and Jirsa 
(1987, 1989) (an X-pattern) is no longer used for epoxy-coated bars due to 
difficulty in applying the coating. The results of these tests are the basis for the 
current ACI 318 (1995) and AASHTO (1992) development length modification 
factors for epoxy-coated bars. These factors are 1.5 for bars with cover less than 
three bar diameters (3db) or clear spacing between bars less than 6db and 1.20 for 
all other bars, with a maximum limit of l. 7 for the product of the epoxy coating 
and top-bar factors in ACI 318 (1995) and 1.5, 1.15 and !.7 using the same 
criteria in AASHTO (1992). 
Choi, Hadje-Ghaffari, Darwin and McCabe (1990a, 1991) used beam-end 
and splice specimens to study the bond strength ofNo. 5, No. 6, No. 8 and No. 11 
(16, 19, 25, and 36 mm) epoxy-coated bars with three different deformation 
patterns. Coating thicknesses ranged from 3 to 17 mils (0.08 to 0.43 mm). Their 
tests produced an average C/U of 0.82 for the fifteen splice tests conducted. They 
observed that coating thickness has little effect on the reduction in bond strength 
caused by epoxy coating for No. 6 (19 mm) and larger bars. For smaller bars, 
C/U drops with increasing coating thickness. Epoxy coating was found to be less 
detrimental to the bond strength of the bars with higher relative rib areas. Choi et 
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a!. (1990a, 1991) also observed that the reduction in bond strength caused by 
epoxy coating increases with increasing bar size. 
Hamad and Jirsa (1990, 1993) tested twelve splice specimens with top-cast 
bars. Their tests included four specimens with No. 6 ( 19 mm) bar splices and 
eight with No. 11 (36 mm) bar splices. Hamad and Jirsa combined the results of 
their tests and results from Treece and Jirsa (1989), Choi et a!. (1990a) and 
De Vries, Moehle and Hester (199 I) and concluded that the reduction in splice 
strength caused by epoxy coating decreases when transverse reinforcement is 
added around the splice. The combined test results gave CIU ratios of 0.74 for 
specimens without transverse reinforcement and 0.80 to 0.85 with transverse 
reinforcement for No. 1 I (36 mm) bars and CIU ratios of 0.67 and 0.74, 
respectively, for No. 6 (19 mm) bars. In contrast to Choi et al. (1990a, 1991), 
Hamad and Jirsa (1990, 1993) observed that the reduction in splice strength 
caused by epoxy coating decreases with increasing bar size. 
Hester, Salamizavaregh, Darwin and McCabe (1991, 1993) tested 65 beam 
and slab splice specimens containing No. 6 and No. 8 (19 and 25 mm) bars. Their 
tests produced an average CIU ratio of 0.74. They analyzed their tests along with 
48 splice test results from earlier studies, including Treece and Jirsa (1987, 1989), 
Choi et al. (1990a, 1991), and Hamad and Jirsa (1990, 1993). In contrast to 
Hamad and Jirsa (1990, 1993), they concluded that the percentage decrease in 
splice strength caused by epoxy-coating is independent of the degree of transverse 
reinforcement. 
In a recent study by Idun and Darwin (1995), beam splice specimens were 
used to evaluate the bond strength of conventional and high relative rib area No. 8 
(25 mm) bars. They observed that epoxy coating was less detrimental to the 
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splice strength of high relative rib area bars than previously tested conventional 
bars, which agrees with the observations ofChoi et al. (!990a, 1991). 
1.2.3 Design Equations 
Design equations for development and splice length have been developed 
based on empirical relationships obtained from experimental data. The design 
equations used in the 1963 ACI Building Code were based on studies by Mathey 
and Watstein (!961) and Ferguson and Thompson (1962). These equations were 
derived from an expression describing the average ultimate bond force per unit 
length of the bar, U, (in pounds per inch) given as 
u = 35jf[ (1.1) 
where f'c = the concrete compressive strength in psi. The development length, ld, 
can then be obtained by setting U = Abf/ld, where Ab = the area of the bar in in. 
2 
and fy =the yield strength of the bar in psi, and solving Eq. 1.1 for ld to obtain 
0.028Abfy 
ld = jf[ (1.2) 
Design equations for development and splice length were significantly 
changed in the 1989 ACI Building Code (ACI 318-89) based on the 
recommendations of ACI Committee 408, Bond and Development of 
Reinforcement. In these equations, the development length, ld, is computed by 
multiplying the basic development length, !db• by applicable factors from sections 
12.2.3 through 12.2.5 of the Code. The basic development length, !db• is given as 
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0.04 Abfy I Jf{ for No. 11 (36 mm) and smaller bars, 0.085 fy I Jf{ for No. 
14(43mm)barsand 0.125fy1Jf{ forNo.18(57mm)bars. Amaximumlimit 
of 100 psi is placed on Jf{ because there is not sufficient experimental data to 
justifY a reduction in splice length for concrete strengths above 10,000 psi (69 
MPa). To account for the effects of cover, clear spacing between bars and 
transverse reinforcement on bond strength, !db is multiplied by a modification 
factor. The factor is 1.0 for bars satisfYing one of four conditions: 1) bars in 
beams or columns satisfYing the minimum specified cover of Code section 7.7.1, 
transverse reinforcement satisfYing minimum tie or stirrup requirements of Code 
sections 7.1 0.5 or 11.5.4 and 11.5.5.3, respectively, and clear spacing not less than 
3db; 2) bars in beams or columns with minimum specified cover of Code section 
7.7.1 and enclosed within transverse reinforcement, A1ro not less than dbsn/40, 
where s = spacing of stirrups or ties in in., and n =number of bars in a layer being 
spliced or developed at a critical section; 3) bars in the inner layer of slab or wall 
reinforcement and with clear spacing not less than 3db; or 4) any bars with cover 
of not less than 2db and with clear spacing of not less than 3db. For bars with 
cover of db or less or with clear spacing of 2db or less, !db is multiplied by 2.0. In 
cases not meeting the previous criteria, !db is multiplied by 1.4. For No. 11 (36 
mm) and smaller bars with clear spacing not less than 5db and side cover not less 
than 2.5db, an additional multiplier of 0.85 is allowed. The factors just described 
may be multiplied by 0.75 for reinforcement enclosed within a spiral or closely 
spaced ties or stirrups meeting the requirements of Code section 12.2.3.5. The 
basic development length multiplied by the appropriate factors must be greater 
than 0.03 dbfy I Jf{. In most cases, the splice length is calculated by 
multiplying Id by 1.3, except when the area of reinforcement provided is at least 
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twice that required by analysis and not more than 50% of the reinforcement is 
spliced within the splice length, in which case ld is multiplied by 1.0. A strength 
reduction factor, ~, is not used with development or splice lengths because the 
basic development length equations already include an allowance for 
understrength. 
The 1995 ACI Building Code (ACI 318-95) design equations for 
development and splice length are based on an analysis of previous experimental 
data by Orangun, Jirsa and Breen (1975, 1977) and recommendations by ACI 
Committee 408. Changes in the Code were proposed to simplify the calculation 
of development and splice lengths. Many designers felt that the criteria in ACI 
318-89 were overly complex to apply, because every bar being spliced in a 
structure had to be classified into one of the three categories. In addition, in some 
cases, the ACI 318-89 equations required longer development lengths than 
necessary (ACI Committee 318 1994). 
Under ACI 318-95, development lengths may be calculated usmg 
simplified equations given in a table found in Code section 12.2.2 or a more 
detailed expression given in Code section 12.2.3. The equations in the table for 
bars in normal weight concrete become lct I db = a~fy I (25 .jf{) for No. 6 (19 
mm) and smaller bars and lct I db = a~fy I (20 .jf{) for No. 7 (22 mm) and 
larger bars, if one of two sets of criteria are satisfied. The first set requires clear 
spacing between bars of not less than db, cover not less than db, and stirrups or 
ties throughout lct not less than the Code minimum. The second set requires clear 
spacing between bars of not less than 2db and cover not less than db. For cases 
not meeting either set of criteria, lct I db = 3 a~fy I (50 .jf{) for No.6 (19 mm) 
and smaller bars and lct I db = 3 a~fy I (40 .jf{) for No.7 (22 mm) and larger 
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bars. The reinforcement location factor, a, is equal to 1.3 for bars with more than 
12 in. (305 mm) of fresh concrete below the bar, and 1.0 for all other bars. The 
coating factor, p, is equal to 1.5 for epoxy-coated bars with cover less than 3db or 
clear spacing less than 6db, 1.2 for all other epoxy-coated bars, and 1.0 for 
uncoated bars. 




40 K( c :hKtr) (1.3) 
where c = the smaller of the distance from the center of the bar to the nearest 
concrete surface or half the center-to-center bar spacing in in., Ktr = 
A1,fytl(l500sn) = the transverse reinforcement index, A1, = the total area of 
transverse reinforcement within the spacing s that crosses the potential plane of 
splitting in in.2, fyt =the specified yield strength of the transverse reinforcement 
in psi, s = the maximum center-to-center spacing of transverse reinforcement 
within lct in in., and n = the number of bars being developed or spliced along the 
plane of splitting. The criterion for the 1.0 and 1.3 multipliers for determining 
splice lengths are the same as in ACI 318-89. 
A recent study by Idun and Darwin (1995) extended previous work by 
Darwin, McCabe, Idun and Schoenekase (1992a, 1992b) to include the effects of 
transverse reinforcement on splice and development length and corrected the 
database of test results used by Darwin et a!. (1992a, 1992b) (which had 
inadvertently included some top and side-cast bar test results) to include only 
bottom-cast bars. Idun and Darwin (1995) developed equations for the bond 
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strength of bars with and without transverse reinforcement. Four equations were 
developed which reflected the increase in bond strength as R, increases for bars 
with transverse reinforcement. A major observation of I dun and Darwin (1995) 
1/4 
was that f'c better represents the effect of concrete strength on bond strength 
than f'c 
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, which has traditionally been used. LRFD concepts and Monte Carlo 
techniques were applied to the bond strength equations to determine reliability 
based strength reduction ( ~) factors for splice/development length. In their 
analysis, the majority of the data were from splice tests. Assuming that the 
equations developed for splice length would be conservative for calculating 
development length, Idun and Darwin (1995) used the same equations for both 
development and splice lengths. For bars without transverse reinforcement, the 
expression for development/splice lengths was given as 
Ab[ f~ 114 - 2280(0.082 CM + 0.918J] 
I 
- ~d fc em 
d -
63(Cm + 0.5db{o.082 ~: + 0.918J 
(1.4) 
where Ab =the area of the bar being spliced or developed in in.
2
, fy = the yield 
strength of the bar being spliced or developed in psi, ~d = 0.85 = the strength 
reduction factor, f'c =the concrete compressive strength in psi, Cm and CM =the 
minimum and maximum of C5 or Cb in in., C5 = the minimum of half the center-
to-center bar spacing+ 0.25 in. or the side cover in in., Cb =the bottom cover in 
in., and db = the nominal bar diameter in in. For bars with transverse 
reinforcement, the expressions for development/splice lengths were given as 
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Ab[ f~ 114 - 228o(o.082 eM + o.9I8J] -c 1 ~dfc Cm 
(1.5) lct = 
63(Cm + 0.5db)(0.082 eM + 0.918J + Cz Arr 
em sn 
where A1r = the area of each stirrup or tie crossing the potential plane of splitting 
adjacent to the reinforcement being developed or spliced in in.
2
, s =the center-to-
center spacing of the transverse reinforcement in in., and n = the number of bars 
being developed or spliced along the plane of splitting. c1 and c2 are constants 
that depend on the relative rib area of the spliced or developed bar. For 
conventional reinforcement (Rr = 0.065 to 0.085), c1 = 202 and c2 = 2187. For 
high relative rib area bars, c1 = 471, 531, and 533 and c2 = 2413, 2791, and 3399 
for Rr = 0.101, 0.119, and 0.140, respectively. Improved versions ofEqs. 1.4 and 
1.5, presented by Darwin, Zuo, Tholen and Idun (1995a, 1996a), are discussed in 
Chapter 3. 
Recently, Esfahani and Rangan (1996) have developed equations to 
predict splice strength in normal and high strength concrete. However, these 
equations cannot be solved directly for splice length. 
1.2.4 Finite Element Bond Analysis 
The first published nonlinear finite element model for concrete was 
reported by Ngo and Scordelis (1967). Their work used what is known as a 
discrete crack model. In this model the nodes of adjacent elements were 
decoupled when the stress exceeded the tensile strength of the concrete, f'1. It was 
assumed that no stress could be carried across the crack once the tensile strength 
was exceeded. 
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Rashid (1968) modeled cracking of concrete at the material level. Like 
Ngo and Scordelis (1967), cracks were assumed to form once the tensile stress 
exceeded tensile strength of the concrete. Instead of splitting the nodes, cracking 
was modeled by introducing an orthotropic constitutive matrix with zero strength 
normal to the crack plane. This model has become known as the smeared crack 
model. 
Hillerborg, Modeer and Petersson (1976) developed a discrete crack 
representation known as the fictitious crack model. Cracks were assumed to 
initiate when stresses exceeded the tensile strength of the concrete. However, in 
the fictitious crack model, the tensile strength across the crack was not assumed to 
drop immediately to zero, but decreased as the width of the crack increased. This 
method of modeling cracking in concrete more closely represents the actual 
behavior, because, even after small cracks have initiated, some tensile stress can 
be transferred across the crack due to interlock of the aggregate and bridging of 
cracks around pieces of aggregate. As shown in Fig. 1.2, a simple linear decrease 
in stress carrying capacity, from the tensile strength at zero crack width to zero at 
a crack width of w 1 or greater, can be assumed to represent the stress-crack width 
relationship. The fracture energy, G0 , defined as the energy absorbed per unit 
crack area in opening the crack from zero width to or beyond w 1, can be 
calculated from 
w, 
G0 = Jcrdw 
0 
(1.6) 
which is equivalent to the area under the stress-displacement curve. If a simple 
linear decrease is assumed, G0 = f'1 w1/2. 
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A study of the bond-slip behavior of a tension-pull specimen was 
conducted by Ingraffea, Gerstle, Gergely and Saouma (1984). The effects of 
concrete crushing and longitudinal splitting were neglected and only the effects of 
radially propagating secondary cracks were considered. Cracks in the model were 
propagated by inserting interface elements into the finite element mesh 
perpendicular to the principal tensile stress. These interface elements were 
capable of modeling mixed-mode fracture where both normal and shear softening 
occurs across a crack in the process zone. 
Keuser and Mehlhorn (1987) studied various approaches to modeling bond 
between reinforcing steel and concrete using interface elements. Among their 
observations were that the behavior of the elements and the quality of results were 
mainly influenced by the displacement functions of the elements, the density of 
the finite element mesh, and the bond stress-slip relationship assumed. They 
concluded that the bond stress-slip relation cannot be modeled adequately by a 
general function which neglects local influences on bond behavior and that a 
realistic model requires consideration of the influence of transverse pressure on 
longitudinal cracking, secondary cracks (small cracks radiating out from the bar 
due to stress concentrations at the ribs) and the deterioration of bond near tension 
cracks in the concrete surrounding the bar. 
A study of the individual components that contribute to bond slip was 
conducted by Rots (1989), including the effects of elastic deformation and 
secondary and longitudinal cracking. Rots (1989) found that the inclusion of 
longitudinal cracking was essential to accurately model bond slip. He concluded 
that a model aimed at explaining the fundamentals of bond must include the 
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individual components contributing to bond slip rather than lumping them 
together into an interface slip relationship. 
Choi, Darwin and McCabe (1990b) used a }-dimensional finite element 
model of a beam-end specimen to study the bond of reinforcing steel to concrete. 
Their model consisted of three substructures, the first of which was a }-
dimensional exterior concrete substructure that cracked along a predefined vertical 
crack plane. The other two substructures were 2-dimensional models consisting 
of a refined model of the concrete surrounding the reinforcing bar and a 
reinforcing bar substructure in which the ribs of the bar were explicitly modeled. 
The refined concrete and reinforcing bar substructures were connected using 
special link elements to model the steel-concrete interface. The analysis was 
conducted using a two step process. In the first step, the exterior concrete 
substructure was loaded by applying lateral displacements at the nodes where the 
reinforcing bar substructure was located. This step was used to obtain the 
clamping force of the concrete as a function of lateral displacement. This force-
displacement relationship was used in the second step of the analysis to define 
nonlinear spring elements which were attached to the refined concrete 
substructure to represent the confinement provided by the concrete. The 
reinforcing steel and refined concrete substructure were then analyzed together by 
applying displacements to the end of the bar to obtain the bond force-slip 
relationship and the maximum bond force. 
The method developed by Choi et a!. (1990b) was extended by Hadje-
Ghaffari, Darwin and McCabe (1991) to study the effects of bar size, cover and 
lead length with improved boundary conditions that better matched those of the 
experimental specimen. This study showed that an increase in the lateral force 
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provided by the concrete, and therefore an increase in bond strength resulted from 
increases in cover, lead length, or bar size. 
Gerstle and Xie (1992) extended the fictitious crack model developed by 
Hillerborg et al. (1976) to include mixed-mode fracture in their study of the 
behavior of a centrally notched plate and a single-notched shear beam. In their 
analysis, the tangential stiffuess of the crack elements was initially set to a very 
large value to prevent shear displacement across the crack face. The tangential 
stiffness remained constant until the crack width had reached the point where 
normal stresses could no longer be transferred across the crack face. At this point 
the tangential stiffness was set to zero. 
The modeling method developed by Choi et al. (1990b) to study bond in a 
beam-end specimen and later extended by Hadje-Ghaffari et al. (1991) was the 
basis for a study by Brown, Darwin and McCabe (1993). They improved the 
models by combining the three substructures used previously into a single 3-
dimensional model in which both concrete cracking and bar slip were represented. 
The models were used to study the effects of deformation height and face angle, 
concrete cover, lead length, embedded length, and confinement provided by 
transverse stirrups. The reinforcing bar in the model was square, with 
deformations explicitly modeled on only one face. Brown et al. (1993) found that 
steel-concrete interaction could be accurately represented with interface elements 
only on the compression faces of the ribs. Their study of the effect of rib height 
on bond strength showed that an increase in rib height resulted in a decrease in 
slip but little or no change in the load at failure when transverse reinforcement 
was not included in the model and that the lateral displacements at the front face 
of the specimen (crack width) were not dependent on rib height up to the peak 
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load. They also found that the surface area of the concrete splitting crack and the 
clamping force provided by the concrete to the steel at the peak load were not 
proportional to the embedded length (doubling the embedded length resulted in 
less than a 1 00% increase in the amount of concrete split or the clamping force at 
the peak load). They believed that this observation may help explain why bond 
strength does not increase proportionally with embedded length. 
Recently, Yao and Murray (1995) studied bond slip of a tension-pull 
specimen using a distributed discrete cracking model in which the ribs of the bar 
were explicitly modeled. Their analysis included the effects of longitudinal and 
secondary cracking, interface behavior and local crushing of the concrete. Their 
analysis indicated that longitudinal splitting has an important influence on bond. 
They concluded that it was necessary to include longitudinal splitting effects to 
reliably predict bond behavior. 
1.3 Discussion 
The study currently underway at the University of Kansas is the first major 
study aimed at improving the bond characteristics of deformed bars since the 
work reported by Clark (1946, 1949). Intervening studies of bond have focused 
on evaluating existing deformation patterns or studying the effects of a limited 
number of parameters affecting bond characteristics, such as rib face angle and 
inclination, rib height, rib spacing, epoxy coating, casting position, etc. The study 
at the University of Kansas was begun with the goal of developing new 
deformation patterns with improved bond characteristics, as well as accurately 
characterizing the bond performance of both the new and conventional 
reinforcement, to allow the use of shorter splice and development lengths and, 
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therefore, provide both economic and practical construction benefits by using less 
reinforcing steel in a structure and reducing congestion in highly reinforced 
regiOns. 
Experimental efforts in the study were begun by Darwin and Graham 
(1993a, 1993b) whose work developed deformation pattern guidelines for 
prototype commercially produced bars. The deformation patterns for the 
prototype bars were designed to provide higher relative rib areas than obtained 
with conventional bars. Based on the results obtained by Darwin and Graham 
(1993a, 1993b ), it was believed that high relative rib area bars could produce 
substantial savings in splice and development lengths over conventional bars. 
The study was continued by Idun and Darwin (1995) who tested the first high 
relative rib area No. 8 (25 mm) bars. Using the results of their study, along with 
tests of conventional bars performed by other researchers, Idun and Darwin 
(1995) formulated accurate splice and development length equations which were 
used as the basis for design equations for conventional and high relative rib area 
reinforcing bars. The portion of the study presented here is aimed at extending 
the previous research to gain additional data and investigate other parameters that 
may affect the bond performance of reinforcing bars. 
1.4 Objective and Scope 
The major objective of this study is to extend the research started by 
Darwin and Graham (1993a, 1993b), Brown, Darwin and McCabe (1993) and 
Idun and Darwin (1995) to improve the bond characteristics of deformed bars. 
The work includes an evaluation of the bond characteristics of a high strength 
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threaded bar with an ultra-high relative rib area and an estimate of the reduction in 
splice length and the cost savings obtainable with high relative rib area bars. 
The research started by Darwin and Graham (1993a, 1993b) on the effects 
of deformation height and spacing is extended to include the effects of bar size. 
Beam-end specimens are used to study the bond strength of 5/8 and 1 in. ( 16 and 
25 mm) diameter specially machined bars. Beam-end specimens containing 1 in. 
(25 mm) diameter bars are also used to study the effects of increasing rib width 
parallel to the longitudinal axis of the bar while maintaining the same center-to-
center rib spacing. The ratio of rib width to center-to-center rib spacing is studied 
because, to achieve high relative rib areas, deformations will probably need to be 
closer together, along with some increase in rib height, compared to current 
deformation patterns. This will decrease the amount of concrete between the ribs 
available to resist bearing of the ribs and may cause bond strength to decrease. 
The results provide guidelines on rib width and spacing for the design of 
commercially produced high relative rib area deformation patterns. The key test 
parameters investigated in this portion of the study are bar size, the ratio of rib 
width to center-to-center rib spacing, and relative rib area. 
The finite element analysis of bond begun by Choi et al. (1990b), and later 
extended by Hadje-Ghaffari et al. (1991) and Brown et al. (1993), is extended to 
include finite element models in which the square bar with ribs on one face and 
the concrete substructure with a single crack plane are replaced by a round bar 
with circumferential ribs and a concrete substructure with multiple cracking 
planes. The key parameters of this study are the number of faces used to 
approximate a round bar, the number of cracking planes modeled, the embedded 
length of the bar, and the thickness of the concrete cover. 
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Splice tests of No. 5 and No. 11 (16 and 25 mm) conventional and high 
relative rib area bars are performed, and the results are analyzed to extend the 
research by Idun and Darwin (1995). Accurate splice and development length 
equations are proposed that reflect the effects of bar size and relative rib area on 
the increase in bond strength due to transverse reinforcement. Bar size, relative 
rib area, transverse reinforcement, cover and clear spacing, concrete strength and 
the effects of epoxy coating on high relative rib area bars are investigated. 
The evaluation of the bond characteristics of ultra-high relative rib area 
threaded bars is conducted using beam-end specimens to evaluate the effects of 
cover, bonded and lead lengths, and transverse reinforcement. Splice tests are 
performed to investigate the effects of cover, splice length, transverse 
reinforcement, and the role played by interlocking ribs in the splice region on the 
splice strength of these bars. 
Changes in code equations and deformation requirements will be 
necessary to implement high relative rib area bars into everyday practice. In 
addition, some additional expense may be incurred in the production of high 
relative rib area bars. Therefore, it is appropriate to obtain an estimate of the 
reduction in splice lengths and the amount of steel that can be saved by using the 
new bars. To obtain these estimates, a study is conducted on typical structures. 
Splice length and cost comparisons, based on the amount of steel in the structure, 
are made using the splice length equations contained in ACI 318-95 and the new 
equations for both conventional and high relative rib area bars. 
CHAPTER 2: BEAM-END TESTS 
2.1 General 
This chapter describes beam-end tests used to investigate the effects of various 
deformation properties on the bond performance of reinforcing bars. Three different 
studies were conducted. The first study investigated the amount of increase in bond 
strength as bar size increases. The second study investigated the effects increasing rib 
width, parallel to the longitudinal axis of the bar, while maintaining the same center-
to-center rib spacing to provide guidelines on rib width and spacing for commercially 
produced high relative rib area bars. The third study investigated the bond 
performance of threaded bars to gain additional information for bars with extremely 
high relative rib areas. In all three studies, the specimens were tested both with and 
without transverse reinforcement confining the test bar. 
In the bar size study, specimens containing specially machined 5/8 and l m. 
(16 and 25 mm) nominal diameter bars, with relative rib areas of0.05, 0.10, and 0.20, 
were tested to examine the effect of bar size on bond strength. 
In the rib width study, 1 in. (25 mm) diameter machined bars, with relative rib 
areas ofO.lO and 0.20, were tested. For each value of relative rib area, the rib width, 
measured at the top of the rib parallel to the longitudinal axis of the bar, was varied to 
produce different ratios of rib width to center-to-center rib spacing, Wr. This study 
was conducted because a decrease in center-to-center rib spacing will probably be 
necessary for deformation patterns of commercially produced high relative rib area 
bars, while rib widths will probably be nearly the same as for current deformation 
patterns. This will lead to a decrease in the amount of concrete between the ribs, 
which may cause a decrease in bond strength. The results of this study provide 
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additional guidelines for the design of commercially produced high relative rib area 
deformation patterns. 
In the threaded bar study, I in. (25 mm) diameter commercially produced 
threaded bars, with a relative rib area of 0.284, were tested to gain information for 
bars with extremely high relative rib areas. 
2.2 Experimental Program 
The principal parameters in this study are deformation height and spacing, the 
ratio of rib width to center-to-center spacing, bar size, and confinement provided by 
transverse stirrups. The study uses beam-end specimens to investigate the effect of 
these parameters on the bond performance of high-strength I in. (25 mm) nominal 
diameter threaded bars and specially machined bars with 5/8 and 1 in. (16 and 25 
mm) nominal diameters. 
A total of 139 beam-end specimens were tested. Seventy-two of these 
specimens were used to compare 5/8 and 1 in. (16 and 25 mm) nominal diameter bars 
with and without transverse reinforcement. Fifty-five specimens were used to 
evaluate the effects of the rib width to center-to-spacing ratio, W" on the bond 
strength of bars with and without transverse reinforcement The remaining twelve 
specimens were used to study the performance of the threaded bars under various 
degrees of confinement 
2.2.1 Test Specimens 
Two sizes of beam-end specimen were used to evaluate the machined bars. 
An 18 x 24 x 9 in. (457 x 610 x 229 mm) specimen, shown in Figs. 2.la and 2.lb, 
was used to evaluate the I in. (25 mm) diameter bars, while a 17 3/4 x 24 x 8 5/8 in. 
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(451 x 610 x 219 mm) specimen was used to evaluate the 5/8 in. (16 mm) diameter 
bars. The side cover was 4 in. (102 mm) and the bottom cover was 2 in. (51 mm) for 
both specimens. 
Two specimen sizes were also used for the threaded bars. 18 x 24 x 9 in. ( 457 
x 610 x 229 mm) and 19 x 24 x 9 in. (483 x 610 x 229 mm) specimens were used for 
bottom covers of2 and 3 in. (51 and 76 mm), respectively. The differences in height 
provided the same distance from the top of the specimen, as cast, to the center of the 
bar for both sizes. 
Flexural and shear reinforcement were included in the specimen to force a 
bond failure. Two No. 6 (19 mm) bars were used as flexural reinforcement and four 
No.3 (10 mm) side stirrups were used as shear reinforcement. The No.6 (19 mm) 
bars had I 1/2 in. (38 mm) side and bottom cover for all specimen sizes. The side 
stirrups were oriented parallel to the sides of the specimen to limit confinement of the 
test bar. In addition to the side stirrups, three or four transverse stirrups were 
included in the specimens used to evaluate the effects of transverse reinforcement. As 
shown in Fig. 2. I b for specimens with a 12 in. (305 mm) bonded length, these 
stirrups were positioned so that there was a 1/2 in. (13 mm) gap between the test bar 
and the transverse stirrups to avoid damaging the test bars. Three No. 3 (I 0 mm) 
transverse stirrups spaced 2 1/2 in. (64 mm) on center and four No. 3 (I 0 mm) 
transverse stirrups spaced 3 in. (76 mm) on center were used in the specimens with 
bonded lengths of7 1/2 and 12 in. (191 and 305 mm), respectively. A 7 1/2 in. (191 
mm) bonded length and three transverse stirrups were used in the specimens used to 
compare the 5/8 and 1 in. ( 16 and 25 mm) diameter bars to prevent yielding of the 
smaller bars before a bond failure occurred. As shov.n in Figs. 2.la and 2.lb, two 
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transverse No.5 (16 mm) bars were used to lift the specimen and one No.5 (16 mm) 
bar was used to hold the test bar in position during casting. 
Two polyvinyl chloride (PVC) bond breaker pipes were used to limit the 
length of the test bar in contact with the concrete. The first was located at the front of 
the bonded length and positioned in the specimen to provide either a 112 or 4 in. (13 
or 102 mm) "lead length". The lead length was used to prevent a cone type failure at 
the loaded end of the bar. The second bond breaker was located at the end of the 
bonded length and was attached to the transverse No. 5 (16 mm) bar used to hold the 
test bar in position. A length of steel conduit was positioned against the end of the 
test bar and extended out of the unloaded end of the specimen to allow insertion of a 
linear variable differential transformer (L VDT) to measure slip of the unloaded end of 
the test bar. Spaces between the PVC pipes and the test bar and the conduit were 
filled with modeling clay to prevent concrete from entering. 
2.2.2 Materials 
Reinforcing Steel: The machined bars were fabricated from 11 0 ksi yield 
strength ASTM A 311 cold rolled steel. In total, 25 different deformation patterns 
were fabricated for use in this study. Test bar deformation properties are summarized 
in Table 2.1. All machined bars had a bamboo pattern and a deformation face angle 
of 60°. 
Eighteen deformation patterns, 9 each for 5/8 and 1 in. (16 and 25 mm) bars, 
were used to study the effects of bar size. The nine patterns used for the 1 in. (25 
nun) nominal diameter bars are shown in Fig. 2.2. These bars had rib heights of 
0.050, 0.075 and 0.100 in. (1.27, 1.91 and 2.54 mm). The center-to-center spacings, 
ranging from 0.263 to 2.200 in. (6.68 to 55.88 nun), were adjusted to provide relative 
26 
rib areas of 0.20, 0.1 0, and 0.05 for each rib height. The nine patterns used for the 5/8 
in. (16 mm) nominal diameter bars are shown in Fig. 2.3. These bars also had relative 
rib areas of 0.05, 0.1 0, and 0.20 with rib heights and widths equal to 5/8 of the 
dimensions used for the corresponding 1 in. (25 mm) diameter bars having the same 
relative rib area. This produced bars with rib heights of 0.031, 0.047, and 0.063 in. 
(0.79, 1.19 and 1.60 mm) and center-to-center spacings ranging from 0.163 to 1.387 
in. (4.14 to 35.23 mm). 
Eleven deformation patterns were used for 1 in. (25 mm) nominal diameter 
bars to evaluate the effects of rib width, for a constant center-to-center rib spacing, on 
bond strength. Four of the patterns, Mll-8, M12-8, M31-8, and M32-8 (Fig. 2.2), 
were also used in the bar size study. The remaining seven patterns are shown in Fig. 
2.4. Five of the eleven patterns had a rib height of 0.05 in. (1.27 mm), with center-to-
center spacings of 0.263 and 0.525 in. (6.68 and 13.34 mm), and six had a rib height 
of 0.10 in. (2.54 mm), with center-to-center spacings of 0.550 and 1.100 in. (13.97 
and 27.94 mm). These combinations of rib height and center-to-center spacing 
produced relative rib areas of 0.20 and 0.1 0. Rib widths (measured at the top of the 
ribs) were varied to produce ratios of rib width to center-to-center spacing, W" 
ranging from 0.182 to 0.727. 
The threaded bars, shown in Fig. 2.5, were manufactured by Williams Form 
Engineering Corporation for use as high-strength prestressing bars conforming to 
ASTM A 722 with a yield strength of 139 ksi (956 .'v!Pa). The high strength and 
threaded deformation pattern of these bars allows a very small center-to-center rib 
spacing, 0.250 in. (6.35 mm), with an average rib height of 0.065 in. (1.65 mm). This 
provides a relative rib area of 0.284 which is extremely high for a production bar. 
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Concrete: Two concrete mixes were used for the specimens. Both mixes 
were air-entrained, containing Portland cement, 3/4 in. (19 mm) maximum size 
crushed limestone coarse aggregate, and Kansas River sand. The water-cement ratio 
for the first mix was 0.41. The water-cement ratio for the second mix was reduced to 
0.36, and a water reducing admixture was added to maintain workability. The second 
mix was chosen to decrease the time required for the concrete to reach the testing 
strength. The concrete was supplied by a local ready mix plant. All specimens in a 
group were cast from a single batch of concrete. Strength at time of testing ranged 
from 4,760 to 5,440 psi (32.8 to 37.5 MPa). Mix proportions and concrete properties 
are summarized in Table 2.2. 
2.2.3 Placement and Curing Procedure 
Forms for the specimens were made from 3/4 in. (19 mm) plywood, 2 x 4 
studs, and all-thread rods. Joints in the forms were sealed with weatherstrip caulking 
cord. Joints between the bars, PVC pipe, and conduit and the forms were filled with 
modeling clay. Most of the specimens were cast in forms made of plywood with a 
polymeric resin coating that did not require the use of a release agent. Polyurethane 
was used for protection and a release agent was used on forms that did not have this 
coating. 
Just prior to casting, the bonded lengths of the test bars were cleaned with 
acetone to remove any foreign material. Concrete was then placed in the forms in two 
lifts; all specimens received the first lift before any specimen received a second lift. 
Each lift was vibrated with a 3/4 in. (19 mm) internal vibrator at 5 evenly spaced 
points, with each successive vibration carried out on alternating sides of the specimen. 
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After finishing and allowing the concrete to set, a curing compound was 
applied to the tops of the specimens. They were then covered with plastic sheets and 
allowed to cure until the concrete strength reached at least 3,500 psi (24.1 MPa). The 
forms were then stripped, and the specimens were inverted for testing. The 
specimens were allowed to cure in air at least one day before testing. 
Standard 6 x 12 in. (152 x 305 mm) cylinders in steel molds were cast during 
placement of the concrete and were cured in the same manner as the test specimens. 
The concrete strength reported for each group is the average of at least three cylinders 
that were tested immediately following completion of all tests in a group. 
2.2.4 Test Procedure 
The beam-end specimens were tested in an apparatus developed by Donahey 
and Darwin (1983, 1985) which has been modified by Brettmann, eta!. (1984, 1986) 
and Darwin and Graham (1993a, 1993b). The current study uses the apparatus in the 
configuration used by Darwin and Graham (1993a, 1993b), as shown in Fig. 2.6. The 
compressive force is provided by a reaction plate that bears on the bottom 3 1/2 in. 
(89 mm) of the front face of the specimen. This places the center of the reaction plate 
approximately 13 3/4 in. (349 mm) below the center of the bar. This configuration 
was chosen because it more nearly replicates the state of stress in the concrete in an 
actual beam than did earlier configurations (Darwin and Graham 1993a, 1993b). 
Load was applied to the test bar by two 60-ton hollow-core jacks, powered by 
an Amsler hydraulic testing machine, at a rate of approximately 6 kips (26. 7 kN) per 
minute. Two 1 in. (25 mm) diameter steel rods instrumented as load cells were used 
to transfer force from the jacks to two yokes that were attached to the test bar with a 
wedge-grip assembly. The tensile force in the test bar was counteracted by the 
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reaction plate at the bottom of the specimen (Fig. 2.6) and a tie-down beam at the 
back of the specimen. The testing apparatus and the tie-down beam were secured to 
the structural floor with four steel rods. 
Spring-loaded linear variable differential transformers (L VDTs) were used to 
measure slip of the bar and the crack width on top of the specimen as it was loaded. 
Loaded end slip was measured with two L VDTs which bore against the front face of 
the specimen and were attached to an aluminum yoke mounted on the test bar. 
Unloaded end slip was measured with a single L VDT mounted on the unloaded end 
of the test bar through the steel conduit. A spring-loaded grip assembly, which 
contained another L VDT, was mounted on top of the specimen, perpendicular to the 
test bar, at the center of the bonded length. This assembly measured the change in 
width of the specimen, caused by crack growth, by bearing against the sides of the 
specimen. Force in the test bar was recorded from the two rods instrumented as load 
cells using four strain gages in a full bridge configuration for each rod. L VDT and 
strain gage readings were collected with a Hewlett-Packard data acquisition system 
and stored on a computer disk. A complete cycle of readings was taken at 
approximately 1/2 second intervals for the duration of the test. 
Crack patterns were sketched after all tests in a group were completed. Test 
bars were then removed for use in later specimens. This was done in such a way as to 
minimize disturbance of the concrete in contact with the bar so that this concrete 
could be examined. 
2.3 Results, Observations and Evaluation 
The tests were carried out in 9 groups, numbered 2, 4-9, lOa, and lOb. 
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Groups 6, 7, 9 and 1 Oa contained 72 specimens that were used to study the 
effects of bar size on bond strength. Each group consisted of nine 1 in. (25 mm) and 
nine 5/8 in. (16 mm) diameter bar specimens with the deformation patterns shown in 
Figs. 2.2 and 2.3, respectively. The specimens in these groups had a 7 1/2 in. (191 
mm) bonded length, a 1/2 in. (13 mm) lead length, and 2 in. (51 mm) cover. The bars 
in Groups 7 and 9 were confined by three No. 3 (9.5 mm) transverse stirrups spaced 2 
112 in. (64 mm) on center. 
Groups 2, 4, 5, 8 and lOb contained 55 specimens that were used to study the 
effects of rib width on bond strength. Each of these groups consisted of eleven 
specimens with the deformation patterns shown in Fig. 2.4 and patterns Mll-8, M12-
8, M31-8 and M32-8 shown in Fig. 2.2. The specimens in these groups had a 12 in. 
(305 mm) bonded length, a 1/2 in. (13 mm) lead length, and 2 in. (51 mm) cover. The 
bars in Groups 5, 8 and 1 Ob were confined by four No. 3 (9.5 mm) transverse stirrups 
spaced 3 in. (76 mm) on center. 
Group 4 also included 12 specimens that were used to evaluate bond strength 
of the threaded bars. These tests consisted of three replicates of four configurations. 
Three configurations used a 12 in. (305 mm) bonded length and a 112 in. (13 mm) 
lead length with either 1) 2 in. (51 mm) cover with four No.3 (9.5 mm) transverse 
stirrups, 2) 2 in. (51 mm) cover without transverse stirrups or 3) 3 in. (76 mm) cover 
without transverse stirrups. The fourth configuration used an 8 1/2 in. (216 mm) 
bonded length, a 4 in. (1 02 mm) lead length, and 3 in. (76 mm) cover without 
transverse stirrups. 
Test variables and results are given in Table 2.3. 
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2.3.1 Cracking Patterns 
Specimens were tested in an inverted position. as shown in Fig. 2.6. The 
observations in this section refer to the specimens, as tested, with the test bar located 
at the top. 
Bar Size Study: These specimens had a 7 1/2 in. (191 mm) bonded length, a 
1/2 in. (13 mm) lead length, and 2 in. (51 mm) cover. During the tests, a crack 
initiated above the test bars at the loaded end and extended through the top cover. For 
specimens without transverse stirrups (Fig. 2. 7a), this crack continued toward the 
unloaded end, above the test bar, until it reached the end of the bonded length. It then 
branched out into two arms that extended toward the sides of the specimen. For 
specimens with transverse stirrups (Fig. 2.7b), cracking began much like the 
specimens without transverse stirrups, but many more cracks developed near the peak 
load. These specimens exhibited greater transverse cracking on the top surface above 
the test bar and around theN o. 6 (19 mm) bar flexural reinforcement as concrete near 
the front face of the specimen moved forward at the time of bond failure; at failure, 
major cracks began above the flexural reinforcement at the front face and ran back 
and toward the center of the top surface, meeting above the test bar. These cracks 
extended farther along the bonded length as relative rib area increased. 
On the front face, two cracking patterns were observed for specimens without 
transverse stirrups. The first, and most common, was a vertical crack above the test 
bar through the top cover and two cracks forming an inverted V that ran from the test 
bar down and toward the sides (Fig. 2.7a). In the second pattern, the cracks below the 
bar started as a single vertical crack and then split into two cracks that ran down and 
toward the sides (Fig. 2.7c). In addition to these patterns, major cracks developed 
around the flexural reinforcement at the time of failure in specimens with transverse 
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stirrups (Fig. 2. 7b ). These cracks ran nearly vertically up through the top cover and 
down the front face until they intercepted the sides of the specimen or the reaction 
plate. Cracks were also observed through the side cover of the flexural reinforcement. 
The sides of the specimens without transverse stirrups generally showed very 
little cracking. As shown in Fig. 2. 7b, the specimens with transverse stirrups showed 
cracks on the sides which began at the front where cracks on the front face had 
intercepted the sides. The cracks ran up and toward the back of the specimen a short 
distance then turned vertically and ran up until they intercepted cracks through the 
side cover of the flexural reinforcement approximately 2 to 3 in. (51 to 76 mm) from 
the front face. 
Rib Width Study: These specimens had a 12 in. (305 mm) bonded length, a 
1/2 in. (13 mm) lead length, and 2 in. (51 mm) cover. The crack patterns observed on 
specimens without transverse stirrups were similar to those described above for the 
bar size study specimens (Figs. 2.7a and 2.7c). Crack patterns for specimens with 
transverse stirrups were also similar to those in the bar size study (Fig. 2. 7b ), but the 
amount of cracking decreased as the ratio of rib width to center-to-center spacing 
increased. 
Threaded Bar Study: The specimens with a 12 in. (305 mm) bonded length, 
a 112 in. (13 mm) lead length, and 2 in. (51 mm) cover, with and without transverse 
stirrups, exhibited cracking patterns similar to those described for the bar size study 
specimens. The crack patterns for specimens with a 12 in. (305 mm) bonded length, a 
112 in. (13 mm) lead length, and 3 in. (76 mm) cover differed from the 2 in. (51 mm) 
cover specimens only on the front face, where all of the specimens with the larger 
cover cracked vertically above and below the test bar (Fig. 2.7c); the crack below the 
test bar extended a short distance before branching out into two cracks which ran 
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down and toward the sides of the specimen. In contrast to all other crack patterns 
described, the specimens with an 8 112 in. (216 mm) bonded length, a 4 in. (1 02 mm) 
lead length, and 3 in. (76 mm) cover cracked horizontally across the test bar and 
flexural reinforcement, as shown in Fig. 2.7d. This crack extended to the back of the 
bonded length where it slanted upward and intercepted the top of the specimen. 
2.3.2 Condition of Concrete Between Ribs 
After testing, the concrete cover was removed to allow reuse of the test bars 
and to observe the condition of the concrete between the ribs. The observations that 
follow are mainly for the concrete below the test bars because the concrete above the 
bars was damaged in the removal process. It should also be noted that these 
observations describe the condition of the concrete after failure and not at the peak 
load. 
Three conditions were observed for the concrete between the ribs: 
1. intact - Concrete between the ribs showed very few signs of 
damage, appeared as if the bar had been removed cleanly, and 
remained attached to the surrounding concrete. 
2. crushed - Concrete in contact with the loaded face of the ribs 
appeared to be crushed. Often, small pieces of concrete remained 
on the bar after it was removed. 
3. sheared - Concrete between the ribs appeared to be sheared off 
along the outside perimeter of the ribs. This concrete often 
remained attached to the bar after the bar was removed. This 
condition may be the result of rapid loading of the concrete at the 
unloaded end of the bar as the specimen fails. 
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Individual specimens often exhibited more than one of these conditions, depending on 
the location along the bonded length. 
Bar Size Study: For specimens without transverse stirrups and a relative rib 
area of 0.05, crushing was observed along the entire bonded length. As the relative 
rib area increased to 0.1 0, crushing was observed near the loaded end, but shearing 
occurred near the unloaded end of the bonded length. At a relative rib area of 0.20, 
the concrete along most of the bonded length was sheared, with a few specimens 
showing crushing very near the loaded end. In general, the 5/8 in. (16 mm) diameter 
bars showed slightly more shearing than the 1 in. (25 mm) diameter bars with relative 
rib areas of 0.10 and 0.20. 
For specimens with transverse stirrups, the concrete at the loaded end was 
intact because the front face of the specimen pulled out. The end of the region along 
the bonded length where the concrete remained intact corresponded to the point where 
cracks that began on the front face above the No. 6 (19 mm) bars met above the test 
bar (see Fig. 2.7b). This intact concrete extended approximately 3 1/2 in. (89 mm) 
along the bonded length for bars with a relative rib area of 0.05. This length 
increased as the relative rib area increased to include most of the bonded length at a 
relative rib area of0.20, indicating that bond failure of the No.6 (19 mm) bar flexural 
reinforcement may have occurred prior to reaching the full bond strength of these 
bars. The rest of the bonded length, for both bar sizes, showed crushing and shearing 
for relative rib areas of 0.05 and 0.20, respectively. For a relative rib area of 0. 10, the 
rest of the bonded length showed crushing and shearing for the I and 5/8 in. (25 and 
16 mm) bars, respectively. 
Rib Width Study: These specimens showed conditions similar to the bar size 
study specimens described above, except that the amount of shearing increased as the 
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ratio of rib width to center-to-center spacing, W" increased. The relationship between 
shearing and W, was most evident for the specimens with transverse stirrups. As 
mentioned previously, the amount of cracking also decreased as W, increased, 
possibly due to more shearing of the concrete. 
Threaded Bar Study: The specimens with 2 in. (51 mm) cover, both with 
and without transverse stirrups, showed shearing on approximately half of the bonded 
length at the unloaded end. The concrete on the remainder of the bonded length was 
intact. The specimens with a 12 in. (305 mm) bonded length, a 112 in. (13 mm) lead 
length, and 3 in. (76 mm) cover displayed a sheared condition on all but about 2 in. 
(51 mm) near the loaded end, while the specimens with an 8 112 in. (216 mm) bonded 
length, a 4 in. (102 mm) lead length, and 3 in. (76 mm) cover were sheared along the 
entire bonded length. 
In general, the nature of the failure adjacent to the bars appears to be primarily 
dependent on relative rib area. The lower relative rib area bars generally show 
crushing near the unloaded end of the bar. These bars have less bearing area to 
transfer force from the bar to the concrete, resulting in higher bearing stresses and 
increasing the likelihood· of crushing the concrete near the ribs. As relative rib area 
increases, shearing near the unloaded end begins to dominate. The shearing failure 
may be caused by rapid loading of the concrete near the unloaded end of the bar after 
the specimen fails. For high relative rib area bars, more of the force in the bar is 
transferred to the concrete near the loaded end than for lower relative rib area bars. 
When bond failure begins near the loaded end, the increase in bond stresses at the 
unloaded end would be greater for higher relative rib area bars. When the ratio of rib 
width to center-to-center spacing is increased, less concrete is available to resist this 
rapid increase in load and shearing becomes more dominant. 
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2.3.3 Load-Slip Response 
To compare the load-slip response of the bars with different deformation 
patterns, the load versus loaded and unloaded end slip curves for replicates of each 
combination of test variables were averaged. The load-loaded end slip curves shown 
in Figs. 2.8a to 2.8o and the load-unloaded end slip curves shown in Figs. 2.9a to 2.9o 
represent the average of two specimens, except the curves for the rib width study 
specimens with transverse stirrups and the threaded bar study specimens, which 
represent the average of three specimens. Individual load versus loaded end slip 
curves for specimens with transverse reinforcement show that, at failure, the load 
drops steeply with little increase in slip. This is due to the front face of the specimen, 
from which the loaded end slip is measured, moving with the bar. This steep drop in 
load makes the average curves irrelevant after the peak load. For this reason, the load 
versus loaded end slip curves for specimens with transverse stirrups are truncated 
after one specimen fails. 
For specimens without transverse stirrups, the load-loaded end slip and load-
unloaded end slip curves (see Figs. 2.8f and Figs. 2.9f, respectively, for typical 
curves) initially rise very steeply and then flatten out near the peak load. As shown in 
Figs. 2.9k to 2.9n, this description also applies to the load-unloaded end slip curves 
for specimens with transverse stirrups, except for specimens with 12 in. (305 mm) 
bonded lengths where the curves reach a plateau at around 30 kips (133 kN) and then 
rise again after significant slip. Load-loaded end slip curves for specimens with 
transverse stirrups generally drop off quickly soon after the curves begin to flatten 
out. As expected, the load-unloaded end slip curves are initially much steeper than 
the load-loaded end slip curves due to the greater slip and elastic deformation of the 
bar at the loaded end. 
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Bar Size Study: Average load versus loaded and unloaded end slip curves for 
the bar size study specimens are presented in Figs. 2.8a to 2.8f and 2.9a to 2.9f, 
respectively. The load-loaded end slip curves show a significant amount of scatter 
and no definite trends can be observed, except that the initial stiffness of the load-
loaded end slip curves for the 1 in. (25 mm) bars (Figs. 2.8d to 2.8f) is higher than 
that of the 5/8 in. (16 mm) bars (Figs. 2.8a to 2.8c). 
The load-unloaded end slip curves are much more consistent than the load-
loaded end slip curves. Unlike the loaded end slip curves, the load-unloaded end slip 
curves for the 5/8 in. (16 mm) bars (Figs. 2.9a to 2.9c) have about the same initial 
stiffness as the 1 in. (25 mm) bars (Figs. 2.9d to 2.9f). This may be due in part to 
larger strains in the bars with a smaller cross-sectional area, which would affect the 
loaded end slip, but not the unloaded end slip. The load-unloaded end slip curves for 
bars with the same relative rib area are very similar, regardless of rib height. Bars 
with relative rib areas ofO.lO and 0.20 produce curves that remain linear up to higher 
loads and have a much sharper transition after the linear portion than bars with a 
relative rib area of 0.05, which produce a more rounded curve. For specimens 
without transverse stirrups, the load-unloaded end slip curves differ mainly in the 
portion of the curve prior to the peak load, because the peak load is nearly the same 
for all values of relative rib area. For specimens with transverse stirrups, the load-
unloaded end slip curves continue to differ throughout most of the curve, because 
bond strength increases as relative rib area increases. 
Rib Width Study: Average load versus loaded and unloaded end slip curves 
for the specimens used to investigate the effects of rib width to center-to-center 
spacing ratio are presented in Figs. 2.8g to 2.8j and 2.9g to 2.9j, respectively. As seen 
in the bar size study specimens, the initial stiffness of the load-unloaded end slip 
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curves is independent of the presence of transverse stirrups. The load-loaded end slip 
curves appear to be initially stiffer for the specimens without transverse stirrups. The 
load-slip curves also show that for bars with the same rib height and spacing, the 
initial stiffuess is not affected by the ratio of rib width to center-to-center rib spacing, 
Wr. However, near the peak load, the curves for some bars with high values of Wr 
differ from the curves for bars with lower values of Wr due to the effect of Wr on 
bond strength, a point which will be discussed in section 2.3 .5. 
Four deformation patterns (Mll-8, Ml2-8, M31-8 and M32-8) were used in 
both the bar size and reduced clear space studies, but with bonded lengths of 7 112 
and 12 in. (191 and 305 mm), respectively, for the two studies. Load versus loaded 
and unloaded end slip curves for these specimens are compared in Figs. 2.8k to 2.8n 
and 2.9k to 2.9n, respectively. The load-loaded end slip curves do not show any 
definite trends regarding the effect of bonded length on the initial stiffness of the 
curves. However, a comparison of the load-unloaded end slip curves for the two 
bonded lengths shows that the initial stiffness is higher for the specimens with a 
longer bonded length, and both sets of curves show that, as would be expected, 
specimens with longer bonded lengths produce higher peak loads. 
Threaded Bar Study: The load versus loaded and unloaded end slip curves 
for the specimens used to evaluate the threaded bars are shown in Figs. 2.8o and 2.9o, 
respectively. The initial stiffness of the load-unloaded end slip curves is very similar 
for all specimen configurations. The load-loaded end slip curve for specimens with 
an 8 112 in. (216 mm) bonded length, a 4 in. (102 mm) lead length, and 3 in. (76 mm) 
cover are initially slightly stiffer compared to the rest of the configurations. The 
stiffness of the load-loaded end slip curve for the specimen with an 8 112 in. (216 
mm) bonded length, and a 4 in. (102 mm) lead length increases slightly above about 
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25 kips (11.1 kN). This may be due to movement of part of the front face of the 
specimen as the load increases. The load-unloaded end slip curve for this 
configuration reached a plateau at about 36 kips (16.0 kN) and began to rise again 
after significant slip had occurred. The curves for the specimens with 2 in. (51 mm) 
cover are similar to those for bars with a relative rib area of 0.20 tested with the same 
configuration as part of the reduced clear space study. 
2.3.4 Load-Crack Width Response 
Average load versus crack width curves for replicates of the same 
combinations of test variables are shown in Figs. 2.1 Oa to 2.1 Oo. As would be 
expected, these curves are very stiff at low loads, before bond cracks have initiated. 
Near the peak load, the curves begin to flatten out. 
Crack widths measured just prior to and at failure, along with the 
corresponding loads, are given in Table 2.3 for each specimen. Crack widths just 
prior to failure are the measurements recorded during the cycle of readings 
immediately before the cycle that produced the peak load. Crack widths at failure are 
the measurements recorded during the cycle of readings that produced the peak load. 
The average difference in loads corresponding to these two crack widths is just 0.02 
kips (0.09 kN), with a maximum of 0.26 kips (1.16 kN). The crack widths just prior 
to the peak load (referred to as "crack width before failure") represent the maximum 
crack width prior to tmstable crack growth as the specimen fails and are used in the 
observations that follow. Also included in Table 2.3 are the crack widths after 
completion of the test (referred to as "crack width after failure"), which are the final 
measurements recorded, after the load had returned to zero. 
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Bar Size Study: Average load versus crack width curves for the bar size 
study specimens are presented in Figs. 2.1 Oa to 2.1 Of. The initial stiffuess of these 
curves is approximately the same for all combinations of test variables. The onset of 
rapid crack growth occurs at a higher load for specimens with stirrups than for 
specimens without stirrups, indicating that the stirrups help to restrain crack growth. 
The load-crack width curves for the 5/8 in. ( 16 rnm) bars specimens without 
transverse stirrups (Figs. 2.1 Oa to 2.1 Oc) are very similar, except in the region 
immediately after crack growth begins where crack width increases as relative rib area 
mcreases. This trend also appears in the curves for the 5/8 in. (16 rnm) bars 
specimens with transverse stirrups, but does not appear in the curves for I in. (25 
rnm) bar specimens (Figs. 2.1 Od to 2.1 Of). 
Crack widths before and after failure for the bar size study specimens are 
plotted versus rib height in Figs. 2.11 and 2.12. As shown in Figs 2.lla and 2.11b, 
for specimens without and with transverse stirrups, respectively, crack widths before 
failure do not increase as rib height increases. This observation is important because 
rib height may need to be increased slightly for high relative rib area production bars. 
The results for these specimens indicate that, prior to failure, this increase in rib 
height will not result in larger cracks in the member. Figs. 2.12a and 2.12b, for 
specimens without and with transverse stirrups, respectively, show that crack widths 
after failure increase as rib height increases in specimens without transverse stirrups, 
but remain fairly constant as rib height increases in specimens with transverse 
stirrups. 
Crack widths before and after failure are plotted versus relative rib area in 
Figs. 2.13 and 2.14, respectively. These figures show that crack widths before failure 
(Figs. 2.13a and 2.13b for specimens without and with transverse stirrups, 
41 
respectively) increase as relative rib area increases. For specimens without transverse 
stirrups, crack widths before failure average 2.99, 4.95, and 7.30 mils (0.076, 0.126, 
and 0.185 mm) for relative rib areas of 0.05, 0.10, and 0.20, respectively. For 
specimens with transverse stirrups, crack widths before failure are more than twice as 
large as for specimens without transverse stirrups and average 9.41, 10.93, and 15.97 
mils (0.239, 0.278, and 0.406 mm) for relative rib areas of 0.05, 0.10, and 0.20, 
respectively. One specimen without transverse stirrups (labeled 6M31-5N) and two 
specimens with transverse stirrups (labeled 7M21-5S and 9M21-5S) produced 
unusually large crack widths before failure. These three specimens contained bars 
with relative rib areas of 0.20. If the crack widths for these three specimens are 
removed from the data, the average crack widths before failure for Rr = 0.20 drop to 
6.60 and 11.27 mils (0.168 and 0.286 mm) for specimens without and with transverse 
stirrups, respectively, but are still slightly higher than the averages for Rr = 0.1 0. 
Crack widths after failure (Figs. 2.14a and 2.14b, respectively) are larger at relative 
rib areas of 0.10 and 0.20 than at 0.05. For specimens without transverse stirrups, 
crack widths after failure average 0.082, 0.122, and 0.111 in. (2.08, 3.10, and 2.82 
mm) for relative rib areas of 0.05, 0.10, and 0.20, respectively. For specimens with 
transverse stirrups, crack widths after failure average 0.131, 0.179, and 0.181 in. 
(3.33, 4.55, and 4.60 mm) for relative rib areas of 0.05, 0.10, and 0.20, respectively. 
These results indicate that an increase in relative rib area produces an increase in the 
wedging action of the bar on the concrete. This increase in wedging action produces 
more splitting of the concrete, resulting in larger crack widths as relative rib area 
increases. The effects of the increase in splitting on bond strength will be discussed 
in section 2.3 .5. 
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Rib Width Study: Average load versus crack width curves are presented in 
Figs. 2.10g-2.10j for the specimens used in the rib width study. These figures show 
that the cracking response is not affected by the ratio of rib width to center-to-center 
spacing, W" until near the peak load, where the crack width at failure increases as W, 
decreases. This lower crack width is due to the increase in shearing of the concrete 
between the ribs as W r is increased, resulting in less splitting force as the specimen 
fails. 
Comparing the load versus crack width curves for deformation patterns that 
were used in both the bar size and reduced clear spacing studies (Figs. 2.1 Ok to 2.1 On) 
shows that rapid crack growth begins at lower loads in the specimens with the 7 1/2 
in. (191 mm) bonded length. Also, the increase in load following the onset of rapid 
crack growth is larger in the specimens with the 12 in. (305 mm) bonded length. 
Threaded Bar Study: The average load versus crack width curves for the 
specimens used to evaluate the threaded bars are shown in Fig. 2.1 Oo. The specimens 
with a bonded length of 8 112 in. (216 mm) are not shown because the major splitting 
cracks formed horizontally and were not detected by the assembly used to measure 
crack widths. The curve shown for specimens with a 12 in. (305 mm) bonded length 
and 2 in. (51 mm) cover without transverse stirrups is the average of only two 
specimens, because the third specimen also developed a horizontal splitting crack. 
The load-crack width response of the specimens with a 12 in. (305 mm) bonded 
length, both with and without transverse stirrups, was very similar to the response of 
specimens tested for the reduced clear space study with a relative rib area of 0.20 and 
the same bonded length 
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2.3.5 Bond Strength 
The bond strengths obtained for each test specimen and the average bond 
strengths for groups of similar specimens are presented in Table 2.3. Because 
concrete strengths range from 4760 to 5440 psi (32.8 to 37.5 MPa), the bond strengths 
are modified so that the tests can be compared on an equitable basis. The modified 
bond strengths normalized to a concrete compressive strength of 5000 psi (34.5 MPa) 
are obtained by multiplying the experimental strength by (5000/f'c/
14 
and are also 
given in Table 2.3. The modification is based on the assumption that bond strength is 
proportional to the 1/4 power of the concrete strength which has been shown by 
Darwin et. a!. (1995a, 1996a) to represent the effect of concrete strength better than 
the 112 power which has traditionally been used. 
Bar Size Study: The modified bond strengths obtained for the bar size study 
specimens are plotted versus relative rib area in Figs. 2.15a and 2.15b, where each 
data point represents the average of two tests. For specimens without transverse 
stirrups (Fig. 2.15a), the bond strengths for each bar size are independent of the 
relative rib area, but, as expected, are higher for the larger bars. The I in. (25 mm) 
bars produce average bond strengths of 19.1 I, 19.62 and 19.80 kips (85.0, 87.3 and 
88.1 kN), while the 5/8 in. (16 mm) bars produce strengths of 17.30, 17.49 and 17.55 
kips (77.0, 77.8 and 78.1 kN) for relative rib areas of 0.05, 0.10 and 0.20, 
respectively. Considering all relative rib areas, the 1 in. (25 mm) bars produce an 
average bond strength of 19.51 kips (86.8 kN), which was 2.1 kips (9.3 kN) higher 
than the average for the smaller bars. 
Bond strengths in all cases are increased significantly when transverse stirrups 
are added. Unlike specimens without transverse stirrups, the specimens with 
transverse stirrups (Fig. 2.15b) show a strong dependence of bond strength on relative 
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rib area (independent of the combination of rib height and spacing used to obtain it). 
The 1 in. (25 mm) bars produce average bond strengths of 26.33, 28.40 and 28.97 
kips (117.1, 126.3 and 128.9 kN), while the 5/8 in. (16 mm) bars produce strengths of 
22.21, 24.89 and 25.77 kips (98.8, 110.7 and 114.6 kN), for relative rib areas of0.05, 
0.10 and 0.20, respectively. Considering all relative rib areas, the 1 in. (25 mm) bars 
produce an average bond strength that is 3.61 kips (16.1 kN) higher than the average 
for the smaller bars. The average bond strengths show a larger increase in bond 
strength as relative rib area increases from 0.05 to 0.10 than from 0.10 to 0.20. This 
may be because the peak loads for specimens containing bars with a relative rib area 
of 0.20 are governed by the bond strength of the No. 6 (19 mm) bar flexural 
reinforcement. 
Comparing Figs. 2.15a and 2.15b shows that the increase in bond strength due 
to the addition of transverse stirrups is also dependent on bar size, with the larger bars 
gaining more than the smaller bars. In these tests, the 1 in. (25 mm) bars gained an 
average of 1.54 kips (6.9 kN) more bond strength than the smaller bars due to the 
addition of transverse stirrups (2.31, 1.38 and 0.94 kips (10.3, 6.1 and 4.2 kN) for 
relative rib areas of 0.05, 0.10 and 0.20, respectively). These results indicate that 
increases in both relative rib area and bar size produce more splitting, which is 
translated into a higher stress in the transverse stirrups and an increase in the 
clamping force applied to the bar. This additional clamping force results in higher 
bond strengths as relative rib area and bar size increase. 
The effects of bar size and relative rib area on bond strength for the beam-end 
tests are very similar to those for the splice tests presented in Chapter 3. However, 
while the beam-end tests show a greater increase in bond strength due to transverse 
stirrups for bars with relative rib areas below 0.10 than above 0.1 0, the splice test 
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results show that the increase remains nearly linear for bars with relative rib areas 
between 0.065 and 0.140. 
Rib Width Study: To investigate the effects of rib width to center-to-center 
spacing ratio, the bond strength of the deformation pattern with the smallest rib width 
for each of the four combinations of rib height and center-to-center spacing (patterns 
M11-8, M12-8, M31-8 and M32-8) is treated as a base strength. The relative effect of 
increased rib width is obtained by dividing the bond strength for each test by the base 
· strength of the specimen cast in the same group. The ratios of test to base bond 
strength for each specimen are presented in Table 2.4 and plotted versus the ratio of 
rib width to center-to-center spacing, W" in Figs. 2.16a and 2.16b for specimens 
without and with transverse stirrups, respectively. 
For tests without transverse stirrups, the ratios of test to base bond strength 
remain scattered about 1.0 except for the two tests with the highest Wr (0.727). These 
two tests had test to base bond strength ratios of 0.94 and 0.85, while the values for 
the remaining sixteen tests ranged from 0.93 to 1.13 with an average of 1.00. These 
results show that, in specimens without transverse stirrups, bond strength begins to be 
affected when Wr is greater than about 0.67, because there is not enough concrete 
between the ribs to resist bearing of the ribs. 
For tests with transverse stirrups, the decrease in the test to base bond strength 
ratios begins at lower Wr ratios than for tests without transverse stirrups. For all 
deformation patterns, the addition of transverse stirrups produces an increase in bond 
strength (see Table 2.4). The increase in bond strength results in a larger force that 
must be carried by the concrete between the ribs and, therefore, a greater effect on the 
ratio of test to base bond strength as Wr increases. As shown in Fig. 2.16b, the tests 
with transverse stirrups show a very gradual decrease in average test to base bond 
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strength ratios from 1.00 for W, = 0.182 to 0.974 for W, = 0.455. A much sharper 
decrease occurs for W, ratios of 0.564 to 0.727 (average values of 0.923 and 0.835, 
respectively). 
The results of the rib width study indicate that bond strength is not 
substantially reduced if W, is less than about 0.67 and 0.45 for specimens without and 
with transverse stirrups, respectively. This information is important in the design of 
high relative rib area production bars, because the deformations will probably need to 
be closer together, along with some increase in rib height, compared to conventional 
deformation patterns. Because high relative rib area bars will be used in situations 
both with and without transverse reinforcement, it is suggested that W, be limited to a 
maximum value of 0.45 for high relative rib area bars. 
Threaded Bar Study: The average modified bond strengths for the threaded 
bar specimens (R, = 0.28) are plotted versus relative rib area in Figs. 2.17 and 2.18 for 
specimens without and with transverse reinforcement, respectively. For comparison, 
the tests using deformation patterns Mll-8, M12-8, M31-8, and M32-8, which were 
part of the reduced clear space study and tests from Darwin and Graham (1993a, 
1993b) given in Table 2.5, are also shown. All specimens in these figures were tested 
with a 12 in. (305 mm) bonded length, 2 in. (51 mm) cover and, when included, four 
No. 3 (1 0 mm) transverse stirrups spaced 3 in. (76 mm) on center. The results from 
Darwin and Graham (1993a, 1993b) represent machined bars with deformation 
patterns identical to those in Fig. 2.2 and include only those tests that used the same 
specimen configuration as the current study. Each data point represents the average 
of three tests. 
Fig. 2.17 shows that bond strengths are virtually independent of deformation 
pattern for specimens without transverse reinforcement. The test results from the 
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current study are in good agreement with the tests by Darwin and Graham (1993a, 
1993b) for the same deformation patterns (Rr = 0.10 and 0.20). Considering all tests, 
the modified bond strengths decrease slightly and average 30.06, 30.30, 28.97 and 
28.58 kips (133.7, 134.8, 128.9 and 127.1 kN) for relative rib areas of0.05, 0.10, 0.20 
and 0.28, respectively. 
Bond strengths, however, increase for all deformation patterns when 
transverse stirrups are included. As shown in Fig. 2.18, the amount of the increase 
depends on the relative rib area of the bars. The machined bars with relative rib areas 
of 0.05, 0.10 and 0.20 exhibit average increases in bond strength of 18, 44 and 59 
percent, respectively, over strengths obtained without transverse stirrups. This 
percentage increases to 79 percent for the threaded bars (Rr = 0.28). The average 
bond strengths for machined bars with Rr = 0.10 and 0.20 tested in the current study 
are higher (14% and 7%, respectively) than those from Darwin and Graham (1993a, 
1993b). 
The results for the threaded bars and for the machined bars tested by Darwin 
and Graham (1993a, 1993b), using an 8 1/2 in. (216 mm) bonded length, a 4 in. (102 
mm) lead length, and 3 in. (76 mm) cover, are presented in Fig. 2.19. Darwin and 
Graham (1993a, 1993b) observed a strong relationship between bond strength and 
relative rib area if there is added confinement provided by concrete. Their tests show 
increases in bond strength of 47,56 and 64 percent for relative rib areas of0.05, 0.10 
and 0.20, respectively, over specimens tested with a 12 in. (305 mm) bonded length, 
112 in. (13 mm) lead length, and 2 in. (51 mm) cover. This trend does not continue 
for the threaded bars (Rr = 0.28) for which a similar comparison shows only a 55 
percent increase. The smaller increase for the threaded bars is probably due to 
shearing of the concrete along the entire bonded lerigth, as discussed in section 2.3.2. 
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The increase in bond strength seen with increased concrete confmement 
appears to be partly due to increased cover but mostly due to increased lead length. 
This is illustrated by the results for threaded bars with a 12 in. (305 mm) bonded 
length, a 1/2 in. (13 mm) lead length, and 3 in. (76 mm) cover. These tests produced 
an average modified bond strength of32.68 kips (145.4lu~, which is only 14 percent 
higher than the specimens with 2 in. (51 mm) cover. When the lead length was 
increased to 4 in. (1 02 mm), while maintaining a 12 1/2 in. (318 mm) total 
embedment and 3 in. (76 mm) cover, bond strength increased 36 percent, indicating 
that the increase in lead length is primarily responsible for the increase in bond 
strength. 
2.4 Summary and Recommendations 
Bar Size Study: The test results for the bar size study specimens show that 
bond strength increases as bar size increases in specimens with and without transverse 
stirrups. For specimens without transverse stirrups, bond strength is unaffected by 
relative rib area, but when transverse stirrups are present, bond strength increases as 
relative rib area increases. The amount of the increase in bond strength due to 
transverse stirrups increases with bar size. These conclusions are very similar to the 
conclusions drawn from an analysis of the effects of bar size and relative rib area on 
the splice strength of commercially produced conventional and high relative rib area 
bars presented in Chapter 3. The beam-end tests presented in this chapter show a 
smaller increase in bond strength above a relative rib area of 0.10 than below 0.1 0. 
However, this smaller increase in bond strength above a relative rib area of 0.10 is not 
seen in the splice test results presented in Chapter 3, where bond strength increases 
nearly linearly for relative rib areas ranging from 0.065 to 0.140. 
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The results show that the width of the longitudinal splitting crack that 
accompanies bar slip is not affected by rib height prior to specimen failure. 
Therefore, rib heights for commercially produced high relative rib area bars do not 
need to be limited due to concerns about increased crack widths in reinforced concrete 
members. However, crack widths do increase as relative rib area increases. The 
increase in crack width is due to the greater wedging action provided by bars with 
higher relative rib areas, resulting in more splitting of the concrete. This increase in 
wedging action causes no reduction in the bond strength of bars not confined by 
transverse stirrups and results in an increase in bond strength for bars that are 
confmed by transverse stirrups. 
Rib Width Study: The results of the rib width study indicate that bond 
strength decreases when the ratio of rib width to center-to-center rib spacing, W" is 
greater than about 0.45 for specimens with transverse stirrups, and about 0.66 for 
specimens without transverse stirrups. Therefore, in the design of commercially 
produced high relative rib area bars, rib widths should be limited to no greater than 
45% of the center-to-center rib spacing. 
Threaded Bar Study: The results of the threaded bar study show that bond 
strength is unaffected by relative rib area in specimens with 2 in. (51 mm) cover and 
no transverse stirrups, but continues to increase as relative rib area increases, even up 
to relative rib areas as high as 0.28, when transverse stirrups are present. Similar 
results are seen in the splice tests using these bars that are presented in Chapter 4. 
CHAPTER 3: SPLICE TESTS 
3.1 General 
This chapter describes the testing and analysis of splice specimens containing 
No. 5 and No. 11 (16 and 36 mm) conventional and high relative rib area, Rro 
commercially produced bars. The results are combined with tests of No. 8 (25 mm) 
bars previously performed at the University of Kansas including conventional and 
high relative rib area bar splice tests reported by Idun and Darwin (1995) and 
conventional bar splice tests reported by Hester, Salarnizavaregh, Darwin and 
McCabe (1991, 1993). The tests are analyzed to determine the effects of bar size and 
relative rib area on splice strength. The results of this analysis were used by Darwin, 
Zuo, Tholen and Idun (1995a, 1996a) to develop a best-fit equation for splice strength 
using a large data base of splice and development strength test results gathered from 
the literature and tested across North America. Finally, a reliability-based strength 
reduction factor developed by Darwin, I dun, Zuo and Tholen (1995b) is applied to the 
best-fit equation to arrive at a design equation that is applicable to splice and 
development lengths. 
3.2 Experimental Program 
A total of 30 splice specimens, cast in 7 groups, numbered 12 through 18, 
were tested. Each group contained four or six specimens. The main test parameters 
were bar size, relative rib area, epoxy-coating, and the degree of confmement 
provided by transverse reinforcement. The specimens included twelve No.5 (16 mm) 
and eighteen No. 11 (36 mm) bar tests. The No. 5 (16 mm) bar specimens included 
two matched pairs of coated and uncoated high relative rib area bar tests without 
transverse reinforcement and four matched pairs of conventional and high relative rib 
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area uncoated bar tests with transverse reinforcement. The No. II (36 mm) bar tests 
included twelve specimens with high relative rib area bars; two coated and two 
uncoated without transverse reinforcement, and eight with transverse reinforcement of 
which one specimen contained coated bars. The remaining six specimens contained 
conventional No. II (36 mm) bars with transverse reinforcement. 
3.2.1 Test Specimens 
The specimens used in this study were 13 or 16 ft ( 4 or 4.9 m) long beams 
with nominal depths of 15.5 to 16 in. (394 to 406 mm) and nominal widths of 12 or 
18 in. (305 or 457 mm). The specimens were tested as simply supported beams with 
cantilevered ends, as shown in Fig. 3.1, with the splices located at the center of a 4 or 
6 ft (1.2 or 1.8 m) long constant moment region. All test bars were bottom-cast and 
lap spliced at the center of the beam. No. 5 (16 mm) bar splice lengths ranged from 
I 0 to 17 in. (254 to 432 mm) with side covers of 1.5 to 2 in. (38 to 51 mm) and 1.25 
in. (32 mm) bottom cover. No. II (36 mm) bar splice lengths ranged from 27 to 40 
in. (686 to 1016 mm) with side covers of 1.5 to 3 in. (38 to 76 mm) and 2 in. (51 mm) 
bottom cover. Maximum splice lengths of 17 or40 in. (432 and 1016 mm) were used 
for specimens tested with a 4 or 6 ft (1.2 or 1.8 m) constant moment region, 
respectively, so that the ends of the splices would be at least the depth of the member 
from a support. No. 3 or No. 4 (9 .5 or 13 mm) closed stirrups were used within the 
splice length for specimens with transverse reinforcement. Additional No. 3 (9.5 
mm) stirrups were included in the cantilevered ends to provide shear strength. 
Continuous No.4 and No.6 (13 and 19 mm) bars were used as top reinforcement for 
specimens containing No. 5 and No. II (16 and 36 mm) test bars, respectively. 
Actual member dimensions are given in Table 3.1. 
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3.2.2 Materials 
Reinforcing Steel: All bars met the requirements of ASTM A 615 except that 
some of the experimental bars did not contain bar markings. Three conventional and 
two experimental deformation patterns were tested and are shown in Fig. 3.2. 
Relative rib areas were measured according to the procedure described in Appendix 
A. The conventional bars had relative rib areas ranging from 0.070 to 0.082 and 
included one No. 5 (16 mm) bar designated 5NO CRr = 0.082) and two No. 11 (36 
mm) bars designated 11BO and 11NO CRr = 0.070 and 0.072, respectively). The 
experimental No. 5 and No. 11 (16 and 36 mm) bars were designated 5C2 (Rr = 
0.109) and 11F3 (Rr = 0.127), respectively. (Note: The first number in the 
designation indicates bar size, the letter indicates the manufacturer, and the final 
number is 0 for conventional patterns and non-zero for experimental patterns). All 
bars with the same designation, including the epoxy-coated bars, were made from a 
single heat of steel. Test bar properties are given in Table 3.2. The yield strengths 
reported were determined from tests of three samples of each bar designation. 
Conventional ASTM Grade 60 bars were used for transverse and top reinforcement. 
Epoxy Coating: Only the experimental deformation patterns were tested with 
epoxy coating. The 5C2 and 11F3 bars were coated by ABC Coating Company, Inc. 
and Florida Steel Corporation, respectively. The average coating thicknesses for all 
5C2 and 11F3 bars tested were 9.9 and 6.3 mils (0.16 and 0.25 mm), respectively. 
Coating thickness was measured using a magnetic pull-off gage (Mikrotest III 
Thickness Gage). Measurements were made at the top of the longitudinal ribs 
because the small rib spacing of the new deformation patterns made it impossible to 
measure coating thickness between the transverse ribs where it is traditionally 
measured. Readings were taken at 10 points withiti the splice length on both 
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longitudinal ribs. The coating thicknesses reported in Table 3.2 are average values 
for all bars tested. 
Tan, Darwin, Tholen and Zuo (1996) compared the measured thickness of 
epoxy coating obtained using this method to that obtained using the method specified 
in ASTM A 775. Four No. 8 (25 mm) conventional bars were measured using both 
methods. The overall average coating thicknesses for the ASTM method and the 
method used in the current study were 7.7 and 8.8 mils (0.20 and 0.22 mm), 
respectively, with standard deviations of 0.132 and 0.183 mils (0.0034 and 0.0046 
mm). 
Concrete: Air-entrained concrete was supplied by a local ready-mix plant 
and contained Type I portland cement, Kansas River sand and 3/4 in. (19 mm) 
maximum nominal size crushed limestone coarse aggregate. Two mix designs were 
used; one with a 0.44 water-cement ratio and the other with a 0.36 water-cement ratio 
and a water reducing admixture to increase workability. Concrete strengths ranged 
from 4110 to 5250 psi (28 to 36 MPa) at test ages of 6 to 30 days. Mix proportions 
and concrete properties are given in Table 3.3. 
3.2.3 Specimen Fabrication 
Formwork: Forms were made from 3/4 in. (19 mm) plywood, 2 x 4 studs, 
and all-thread rods. The plywood (DriForm 90 No-Oil panels made by Champion 
International Corporation) was manufactured with a polymeric resin coating that did 
not require the use of a release agent. All-thread rods were used to hold the forms 
together. Some of these rods extended through the inside of the forms and were used 
to hold the reinforcing steel cages in place during casting. Joints in the forms were 
sealed with flexible caulk or modeling clay to prevent leakage. 
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Reinforcing Steel Cages: Reinforcing steel cages were assembled in the 
forms and held together using wire ties. The cages consisted of top and bottom 
longitudinal reinforcement and transverse stirrups. The bottom bars were two to four 
No. 5 or No. 11 (16 or 36 mm) test bars spliced at the center of the beam (Fig. 3.3). 
Four to six wire ties were used to hold the spliced bars in contact. To prevent 
interlocking of the ribs, spliced bars were positioned so that the longitudinal ribs on 
one bar were horizontal while the longitudinal ribs on the other bar were vertical. Bar 
markings were not included within the splice length. The test bars were cleaned with 
acetone to remove debris once before placing the bars in the forms and again just 
prior to casting. Two continuous No. 4 and No. 6 (13 and 19 mm) conventional bars 
were used as top reinforcement for specimens with No.5 and No. 11 (16 and 36 mm) 
test bars, respectively. No. 3 (9.5 mm) stirrups were provided outside the constant 
moment region to prevent shear failure. For splices with transverse reinforcement, 
No. 3 or No. 4 (9.5 or 13 mm) closed stirrups were equally spaced within the splice 
length and had the same surface condition (coated or uncoated) as the spliced bars. 
Transverse No.8 (25 mm) bars located 4ft (1.2 m) from the center of the beam were 
used as lifting bars. 
Bottom cover was controlled by supporting the test bars on steel chairs. Side 
cover was controlled by tying the top and bottom reinforcement to the all-thread rods 
which extended through the inside of the forms. No chairs or rods were located 
within 6 in. (152 mm) of the ends of the splice. Covers and bar spacings were 
measured after the forms had been moved to the casting position and are given in 
Table 3.1. 
Placement and Curing Procedure: Each group of specimens was cast from 
a single batch of concrete. Concrete was placed in two lifts, each approximately one-
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half the depth of the specimen. In the first lift, concrete was placed first in the shear 
region of all specimens followed by the constant moment region. In the second lift, 
the placement order was reversed so that the constant moment region of all beams 
was placed first followed by the shear regions. This placement procedure was 
followed to ensure that the concrete in the splice region was as uniform as possible 
between specimens in a group. Each lift was vibrated with a 1 1/2 in. (38 mm) square 
internal vibrator on alternate sides of the beam at 1 ft (0.3 m) intervals. 
After initial set of the concrete, the top surface of the beams was covered with 
wet burlap and plastic. The burlap was kept wet until the forms were stripped when 
the concrete strength had reached at least 3000 psi (21 MPa). The beams were then 
left to cure in air until the concrete reached test strength. 
Standard 6 x 12 in. (152 x 305 mm) cylinders were cast in steel molds and 
cured in the same manner as the test specimens. The concrete strength reported is the 
average of three or more cylinders tested immediately following completion of all 
splice tests in a group. All specimens were tested in a single day. 
3.2.4 Test Procedure 
The specimens were inverted from the casting position and tested as simply 
supported beams (Fig. 3.1). The beams were supported by pin and roller supports 
mounted on concrete pedestals. Steel plates, attached to the specimen with a thin 
layer of high strength gypsum cement (Hydrostone), separated the beam from the 
supports. Downward loads were applied 6 in. (305 mm) from each end to produce a 
constant moment region between the supports. Load was applied at each end using 
two 60-ton hollow-core hydraulic jacks powered by an Amsler hydraulic testing 
machine. Two 1 1/2 in. (38 mm) diameter steel rods were used to transfer the force 
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from the jacks to a steel spreader beam mounted across the end of the specimen. The 
rods were attached to the spreader beam with semi-cylindrical rollers to keep the 
applied load vertical as the ends of the specimen rotated. The specimens were loaded 
continuously to failure at about 3 kips (13 kN) per minute at each end. 
Spring-loaded linear variable differential transformers (LVDTs) bearing 
against the bottom of the beam were used to measure deflections at each load point 
and at the middle of the beam. Load on the beam was measured from each of the four 
load rods that were instrumented as load cells using four strain gages in a full bridge 
configuration. Load cell and L VDT readings were acquired using a Hewlett-Packard 
data acquisition system controlled by a computer and stored on the computer's hard 
disk. 
Following completion of the tests, the concrete cover around the splices was 
removed so that the concrete-steel interface could be observed. 
3.3 Results and Observations 
Load-deflection curves for the 30 splice test specimens are shown in Figs. 
3 .4a-g where the beam deflection is the sum of the average deflection at the load 
points and the deflection at the middle of the beam. 
Beams without transverse stirrups in the splice region failed suddenly soon 
after reaching the peak load. Beams with stirrups typically exhibited a slight drop in 
load carrying capacity after reaching the peak load followed by sudden splice failure. 
Typical beams after splice failure are shown in Fig. 3.5. The first cracks to 
form were flexure cracks on the tension face of the specimen in the constant moment 
region. As the load was increased, dominant flexure cracks formed at both ends of 
the splice and extended across the width of the beam. Longitudinal cracks began to 
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form in the splice region near the ultimate load. These cracks ran along the length of 
the splice above the spliced bars and also formed on the sides of the specimen near 
the level of the splices. 
Loads, moments, and bar stresses at splice failure are given in Table 3 .I. In 
all ten matched pairs of beams with conventional and high relative rib area bars tested 
with transverse reinforcement, the high Rr bars produced a higher bar stress at splice 
failure. The difference in stress was greater for the No. 11 (36 mm) bars than for the 
No. 5 (16 mm) bars. The five specimens tested with epoxy-coated bars produced 
lower stresses at splice failure than the corresponding specimen with uncoated bars. 
Concrete damage at the concrete-steel interface was more extensive near the 
discontinuous end of the spliced bars for specimens with uncoated bars. For 
conventional bars, the concrete near the loaded face of the ribs showed progressively 
more crushing from the continuous to the discontinuous end. For high relative rib 
area bars, the concrete near the discontinuous end appeared to be sheared off between 
the ribs. In most cases, this concrete remained attached to the bars. Shearing of the 
concrete between the ribs was most evident for the 11F3 bars tested with transverse 
reinforcement. Epoxy-coated bars showed little damage to the concrete between the 
ribs, and the concrete had a smooth, glassy surface. 
3.4 Evaluation of Test Results 
The evaluations and analyses that follow include the results of the 30 splice 
tests described in this chapter along with 53 tests reported by I dun and Darwin ( 1995) 
and 10 tests reported by Hester eta!. (1991, 1993). The tests reported by Idun and 
Darwin (1995) and Hester eta!. (1991, 1993) were performed at the University of 
Kansas using specimens and procedures very similar to those used for the beams in 
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the current study. These specimens were cast with concrete using the same materials 
and similar mix proportions to those used in the current study, with the exception that 
16 of the specimens tested by Idun and Darwin (1995) were cast in concrete 
containing basalt coarse aggregate. The tests reported by Idun and Darwin (1995) 
were performed using No. 8 (25 mm) conventional and high relative rib area bars (Rr 
= 0.065-0.085 and 0.101-0.140, respectively) as part of the overall research project on 
the effect of deformation pattern on bond strength at the University of Kansas. 
Specimen properties and test results are given in Table 3.4. The splice tests reported 
by Hester eta!. (1991, 1993) used No. 8 (25 mm) conventional bars with relative rib 
areas ranging from 0.070 to 0.078 and are given in Table 3.5. 
The following analyses are based on the assumption that the total force in a 
bar at splice failure, T b, can be expressed as the sum of a concrete contribution, Tc, 
and a transverse steel contribution, T,. 
3.4.1 Uncoated Bars 
The evaluation of the test results for the uncoated high relative rib area bars 
uses an equation for the concrete contribution, T 0, developed from a statistical 
analysis performed by Darwin eta!. (1995a, 1996a) on the results of 133 splice and 
development tests of bottom-cast bars without transverse reinforcement. This 













= ar area, m. 
= steel stress at failure, psi 
+ 0.9) (3.1) 
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f'c . gth . f' !14 . = concrete compressive stren , psi; c , psi 
lct = development or splice length, in. 
em, eM =minimum or maximum value of c, or cb ( cM'cm :;; 3 .5), in. 
c5 =min( c,i + 0.25 in., c50), in. 
c,i = one-half of clear spacing between bars, in. 
c50, cb = side cover or bottom cover of reinforcing bars, in. 
db = bar diameter, in. 
Eq. 3.1 produced test/prediction bond strength ratios ranging from 0. 72 to 1.29 
with an average of 1.00 and coefficient of variation (COV) of 0.107 for the 133 tests 
used to develop the expression. An important conclusion by Darwin et a!. ( 1995a, 
1996a) was that splice and development strength is better represented by the !14 
power of the concrete compressive strength than by the square root of the strength 
which has traditionally been used (ACI 318-95). 
Splices Without Transverse Reinforcement: Splice strength in beams 
without transverse reinforcement is unaffected by relative rib area. This can be seen 
by comparing the test/prediction ratios for the 12 tests of high Rr bars with those of 
conventional bars. The average test/prediction ratios, based on Eq. 3 .I, are 1.02 and 
0.93 for the two tests of 5C2 and 11F3 bars performed in this study, respectively. The 
eight splice tests of high Rr bars reported by Idun and Darwin (1995) produced an 
average ratio of 1.01, resulting in an average ratio of 1.00 for the twelve high Rr tests 
without transverse reinforcement. For comparison, an average ratio of 1.02 was 
obtained from sixteen tests of conventional bars performed at the University of 
Kansas [one by Idun and Darwin (1995), eight by Choi et al. (1990a, 1991), and 
seven by Hester et al. (1991, 1993)]. Because the splice strength of bars not confined 
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by transverse reinforcement is unaffected by relative rib area, the twelve tests of high 
Rr bars were included in the tests used to develop Eq. 3 .1. 
Splices With Transverse Reinforcement: To determine the amount of 
additional bond strength due to transverse steel, T5, the concrete contribution, Tc 
(calculated from Eq. 3.1), is subtracted from the experimentally determined total force 
in the bar, T b· 
T5, normalized with respect to f'c 
114
, has been shown by Darwin eta!. (1995a, 
1996a) to depend primarily on the "effective transverse reinforcement," NAufn, in 
which N =the number of transverse reinforcing bars (stirrups or ties) crossing ld; Atr 
=the area of each stirrup or tie crossing the potential plane of splitting adjacent to the 
reinforcement being developed or spliced, in. 
2
; and n = the number of bars being 
developed or spliced along the plane of splitting. The value of n is determined by the 
smaller of cb or c5 • If cb controls, the potential plane of splitting passes through the 
bottom cover and n = 1. If c, controls, the potential plane of splitting intersects all of 
the bars and n = the total number of bars being spliced or developed. It is important 
to note that T, does not depend on the yield strength of the transverse reinforcement, 
fyt. This conclusion is supported by experiments showing that transverse 
reinforcement rarely yields due to a bond failure (Maeda eta!. 1991, Sakurada eta!. 
1993, Azizinamini eta!. 1995). 
The values ofT,ff'c
114 
are plotted versus NAufn in Fig. 3.6 for the No.5, No. 
8, and No. 11 (16, 25, and 36 mm) bar specimens tested in concrete containing 
limestone coarse aggregate. The test results show that T ,If' c 114 depends primarily on 
NAufn. However, as was seen in the beam-end specimens tested by Darwin and 
Graham (1993a, 1993b) and those reported in Chapter 2, it is also affected by bar size 
and relative rib area. The smallest additional bond strength due to transverse 
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reinforcement was obtained by the conventional No.5 (16 mm) bars with Rr = 0.082, 
followed by the new No.5 (16 mm) bars with Rr = 0.109, the conventional No. 8 (25 
mm) bars with Rr = 0.065 to 0.085, the new No. 8 (25 mm) bars with Rr = 0.1 01, the 
conventional No. 11 (36 mm) bars with Rr = 0.070 and 0.072, the new No. 8 (25 mm) 
bars with Rr = 0.140, and frnal1ythe new No. 11 (36 mm) bars with Rr = 0.127. 
The values of T/f'c 
114 
are plotted versus NAufn in Fig. 3.7 for the No. 8 (25 
mm) bar specimens tested in concrete containing basalt coarse aggregate. These test 
results also demonstrate that T5 increases as relative rib area increases. Fig. 3.8, 
which compares test results for No. 8 (25 mm) bars tested in concrete containing 
limestone and basalt coarse aggregate, shows that concrete properties can have a 
significant effect on the additional strength due to transverse reinforcement. The 
basalt coarse aggregate concrete produced substantially higher values of T/f'c 
114
, 
even though the compressive strengths of the concretes were the same. For this 
reason the test results are separated based on the type of coarse aggregate used. The 
higher strengths may be due to the much higher strength of the basalt coarse 
aggregate. 
3.4.2 Epoxy-Coated Bars 
Five matched pairs of specimens with coated and uncoated high relative rib 
area bars were tested in the current study. Two pairs contained 5C2 bars (Rr = 0.1 09) 
and three pairs contained 11F3 bars (Rr = 0.127), one of which had six No. 3 (9.5 
mm) stirrups in the splice region. I dun and Darwin (1995) tested five pairs of coated 
and uncoated bar specimens with relative rib areas ranging from 0.101 to 0.140. All 
of these specimens had a cover of less than 3 db. Bar stresses at failure and ratios of 
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coated to uncoated bar splice strength, CIU, for the ten pairs of specimens are given in 
Table 3.6. 
In all cases, the coated bar specimens produced lower stresses at failure than 
the corresponding uncoated bar specimens. However, the CIU ratios produced by 
these high relative rib area bars were substantially higher than those obtained in 
previous studies using conventional bars. Treece and Jirsa (1987, 1989) reported an 
average CIU ratio of 0.66 for 21 tests of coated and uncoated bars. Their results are 
the basis for the current development length modification factor of 1.5 for bars with 
cover less than 3 db or clear spacing less than 6 db (ACI 318-95, AASHTO Highway 
1992). A higher ratio, 0.74, was reported by Hester et al. (1991, 1993) based on a 
data base containing 113 splice tests of conventional bars. The 20 high relative rib 
area bar tests produced substantially higher CIU ratios, ranging from 0.817 to 0.945, 
with an overall average of 0.882. These tests indicate that epoxy coating has a less 
detrimental effect on the splice strength of high relative rib area bars than 
conventional bars, resulting in a smaller development length modification factor and 
significant savings in splice length for epoxy-coated bars. 
3.5 Application of Test Results to Design 
Figs. 3.6 and 3.7 show that the increase in splice strength due to transverse 
reinforcement, T5, depends primarily on the effective transverse reinforcement, 
NAJn, but is also affected by bar size and relative rib area. The results shown in 
these figures were used to develop two terms, t;. and td, which reflect the increase in 
the effectiveness of the transverse reinforcement as relative rib area and bar size 
increase, respectively. 
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The analysis is simplified by approximating the best-fit lines for each group of 
data in Figs. 3.6 and 3.7 with linear functions that have zero intercepts at NAt/n = 0 




= (2m+ b) NA 1r = M NAtr 
2 n n 
(3.2) 
where m and b are the slope and intercept, respectively, of the best-fit expression and 
M is the modified slope of the approximate expression. This approximation has the 
advantage of allowing the relationship between T,ff'c 
114 
and NAt/n to be expressed 
by a single value, M, which represents the combined effects of relative rib area and 
bar size. The modified expressions (Eq. 3.2) will be conservative for groups of data 
with a positive intercept, which is the case for all but one of the high relative rib area 
bars. Values ofm, b, and Mare given in Table 3.7 for each group of data. 
3.5.1 Effect of Relative Rib Area 
To determine the effect of relative rib area on T,, it is first assumed that 
changes in T, due to Rr are independent of bar size and concrete properties. The 
values of M obtained from Eq. 3.2 are plotted versus Rr in Fig. 3.9 for the data in 
Figs. 3.6 and 3.7. For the conventional No. 8 and No. 11 (25 and 36 mm) bars, the 
value of Rr represents a weighted average because a range of values was used in these 
tests. 
For each group of data, based on bar size and concrete type, a best-fit 
expression for M versus Rr was obtained. This expression was used to determine the 
value of M at Rr = 0.075, midway in the range of conventional bars tested. The 
values ofM were then normalized with respect toM at Rr = 0.075 to obtain the factor 
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t, = Ml M R, =0.075 which represents the relative change in slope of the modified 
expression due to R,. 
The individual values oft,, obtained from M1 M R, =o.o75 , are plotted versus 
R, in Fig. 3.10. Each data point is weighted based on the number of tests it 
represents. These values were used to obtain a best-fit expression fort, as a function 
ofR,, which was found to be 
tr = 9.6 Rr + 0.28 (3.3) 
with a coefficient of determination, i = 0.966. The strongly linear relationship 
between t, and R, supports the initial assumption that changes in T, due to R, are 
independent of bar size and concrete properties. 
3.5.2 Effect of Bar Size 
The effect of bar size on T5 was determined by first dividing the values ofM, 
obtained from Eq. 3.2, by the value oft, from Eq. 3.3. This removes the effect of 
relative rib area from M and converts the original values of M to values 
corresponding to bars with R, = 0.075. The values of Mit, are plotted versus db in 
Fig. 3.11 for specimens cast in concrete containing limestone coarse aggregate. A 
best-fit analysis was performed to obtain the expression 
with i = 0.974. 
M 




Assmning that this relationship can be generalized for other concretes, the 
expression was normalized with respect to Mit,. for db = 1. The resulting expression 
represents the effect bar size on T5 and becomes 
td = 0.72 db+ 0.28 (3.5) 
The analysis results in a new expression for the effective transverse reinforcement 
that includes the effects of bar size and relative rib area on T5• 
NAtr O d NAtr trtd -- = (9.6 Rr +0.28)( .72 b + 0.28) -- (3.6) 
n n 
The values ofM, MRr=O.O?S• t,., and Mltr used to develop Eqs. 3.3-3.6 are given in 
Table 3.7. 
3.5.3 Increase in Splice Strength 
The new expression for the effective transverse reinforcement (Eq. 3.6) and 
the equation for the concrete contribution (Eq. 3.1) were used by Darwin et a!. 
(1995a, 1996a) in a statistical analysis of 166 splice and development tests containing 
















with i = 0.856. This expression, combined with Eq. 3.1, produced an average 
test/prediction ratio of 1.01 and a COV of 0.125 for the specimens used to develop the 
equation. 
The average value of R, for conventional bars was found to be 0.0727 by 
Darwin et al. (1995a, 1996a). This value was obtained from samples of bars 
produced by six steel mills, for bar sizes No. 5, No. 6, No. 8, and No. 11, and metric 
bar sizes No. 20, No. 25, No. 30, and No. 35. Substituting R, = 0.0727 and dropping 




2175 (0.72 db +0.28) NAtr 
n 
(3.8) 
Eq. 3.7a for high relative rib area bars depends on the value of R, selected. 
The bars produced for the overall research project at the University of Kansas have 
shown that bars with relative rib areas of at least 0.14 can be manufactured using 
current technology and production methods. However, a minimum value of 0.12 
seems more reasonable due to the increasing difficulty of producing bars as R, 
increases. In addition, a higher average R, will have to be maintained to insure a 
minimum value of 0.12. Assuming that the standard deviation of R, for the new bars 
will be one-half of that presently obtained for conventional bars, an average R, of 
0.1275 will be necessary to ensure that no more than 5 percent fall below R, = 0.12 
(Darwin et al. 1995a, 1996a). Substituting R, = 0.1275 and dropping the final term 








where c = (em+ 0.5 db)(O.l eM/em+ 0.9) and em, eM, c5, c5i, c50, and cb are defined 
following Eq. 3.1 
Ktr = Ktr(conv.) = 34.5 td A~sn = 34.5 (0.72 db+ 0.28) A~sn for 
conventional bars with average Rr = 0.0727 
Ktr = Ktr(new) = 53 tct A~sn =53 (0. 72 db+ 0.28) A~sn for high relative rib 
area bars with average Rr = 0.1275 
This equation can be conservatively simplified by setting eM = em and 





13 f'l/4 - 1900 
c 
72 ( c:~tr) 
(3.14) 
where c = cm + 0.5 db = smaller of the cover to the center of the bar or one-half of the 
center-to-center bar spacing. The definitions of Ktr following Eq. 3.13 remain 
unchanged. 
An analysis by Darwin et al. (1995a, 1996a) showed that test/prediction ratios, 
using Eq. 3 .I 0 as the predicted strength, were consistently below 1.0 for tests with ( c 
+ Ktr)/db > 4. This indicates that the bars in these tests were so heavily confined that 
a pullout failure, rather than a splitting failure, was governing the bond strength. 
Darwin et al. (1995a, 1996a) also found that especially low strengths were exhibited 
by specimens with lctfdb < 16. Therefore, an upper limit of 4 must be placed on ( c + 
Ktr)/db and a lower limit of 16 must be placed on lctfdb when Eqs. 3.13 and 3.14 are 
used in design. 
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An important benefit ofEqs. 3.13 and 3.14 stems from the fact that 87% of the 
data used to develop the equations came from splice tests in which all of the bars were 
spliced at one location. As a result, the equations are already calibrated based on 
splice strength, removing the need for a separate development length modification 
factor to calculate the length of most splices. The development tests with ( c + Ktr)/db 
:$ 4 used to develop the equations produced an average test/prediction ratio of !.07, 
indicating that development and splice strengths are approximately equal. This has 
also been seen in previous research (Orangun, Jirsa, Breen 1975, 1977). Therefore, 
Eqs. 3.13 and 3.14 can be applied directly to the calculation of both splice and 
development lengths. 
CHAPTER 4: SPLICE TESTS OF ULTRA-HIGH RELATIVE RIB AREA 
BARS 
4.1 General 
This chapter describes the testing and analysis of splice specimens containing 
No. 8 (25 mm) threaded bars that are commercially available for use as high-strength 
prestressing bars (Fig. 2.5). Beam-end specimens used to evaluate the bond strength 
of these bars were described in Chapter 2. The threaded deformation pattern produces 
a very high relative rib area CRr = 0.284). These bars do not have a longitudinal rib. 
This allows the transverse ribs to interlock when spliced bars are tied together. To 
investigate the effects of rib interlock on splice strength, specimens were tested in 
which the ribs were allowed to interlock and in which interlock was prevented. 
4.2 Experimental Program 
A total of 6 splice specimens, cast in groups 3, 4 and 7, were tested. Each 
group contained I to 3 specimens. The main test parameters were rib interlock and 
the degree of confmement provided by transverse reinforcement. Four of the six 
specimens contained transverse reinforcement in the splice region. Interlocking of the 
ribs was prevented in one specimen with and one specimen without transverse 
reinforcement. 
4.2.1 Test Specimens 
The specimens used in this study were 16ft ( 4.9 m) long beams, similar to the 
specimens used to evaluate the splice strength of No. II (36 mm) bars described in 
section 3.2.1, with nominal depths of 15.5 to 16 in. (394 to 406 mm) and a nominal 
width of 12 in. (305 mm). The specimens were tested as simply supported beams 
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with cantilevered ends (Fig. 3.2). Each specimen contained two bottom-cast splices 
located at the center of the beam. Splice lengths were 24 or 36 in. (610 or 914 mm) 
with 2 in. (51 mm) nominal side cover. Bottom cover was 1.25 or 2 in. (32 or 51 
mm). Continuous No. 5 (16 mm) bars were used as top reinforcement. No. 3 (9.5 
mm) closed stirrups were equally spaced within the splice region in specimens used to 
evaluate the effects of transverse reinforcement. Additional No. 3 (9.5 mm) stirrups 
were placed in the cantilevered ends to provide shear strength. Actual member 
dimensions are given in Table 4.1. 
4.2.2 Materials 
Reinforcing Steel: The test bars used in this study, designated T-8, were 
manufactured by Williams Form Engineering Corporation for use as high-strength 
prestressing bars conforming to ASTM A 722 with a yield strength reported by the 
manufacturer of 139 ksi (958 MPa). The high strength and threaded deformation 
pattern of these bars allows a very small center-to-center rib spacing, 0.250 in. (6.35 
mm), with an average rib height of 0.065 in. (1.65 mm). This provides a relative rib 
area of 0.284, determined using the procedure described in Appendix A, which is 
considerably higher than values of 0.056-0.086 exhibited by commercially produced 
conventional reinforcing bars. Conventional ASTM Grade 60 bars were used for 
transverse and top reinforcement. 
Concrete: Air-entrained concrete was supplied by a local ready mix plant and 
contained Type I portland cement, Kansas River sand and 3/4 in. (19 mm) maximum 
nominal size crushed limestone coarse aggregate. A water-cement ratio of 0.36 and a 
water reducing admixture were used to produce concrete strengths of 4090 to 5110 
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psi (28 to 35 MPa) at test ages of 5 or 7 days. Mix proportions and concrete 
properties are given in Table 4.2. 
4.2.3 Specimen Fabrication 
The specimens were fabricated using the same procedures as the splice 
specimens described in Chapter 3 (see section 3.2.3). For the specimens in Groups 3 
and 4, the spliced bars were tied together with the ribs interlocked as shown in Fig. 
4.1a. Interlock was prevented for the specimens in Group 7 by tying three 1 in. x 1 
in. x 1/32 in. thick steel shims between the spliced bars (Fig. 4.1 b). One shim was 
located at the center of the splice, and the other two were located at each end. 
4.2.4 Test Procedure 
The specimens were tested according to the procedure described in section 
3.2.4. 
4.3 Results and Observations 
Load-deflection curves for the 6 specimens are shown in Fig. 4.2, where the 
deflection is the sum of the average deflection at the load points and deflection at the 
middle of the beam. Loads, moments, and bar stresses at failure are given in Table 
4.1. 
Two beams (specimens 3.1 and 3 .2) failed due to a compression failure of the 
concrete, without producing splice failures. Specimen 3.1 showed very little cracking 
in the splice region. Because the specimen was obviously not close to splice failure, 
the concrete cover was not removed. Specimen 3.2 developed several longitudinal 
cracks within the splice region and may have been close to splice failure when the 
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concrete crushed. When the cover was removed after the test, the concrete 
surrounding the bar was completely intact and showed no signs of damage. 
The two beams without transverse reinforcement in the splice regwn 
(specimens 3.3 and 7.3) failed much more violently than the beams with relative rib 
areas ranging from 0.109 to 0.127 without transverse reinforcement (described in 
Chapter 3). The concrete cover in the splice region was completely thrown off of the 
bars when splice failure occurred. 
The two beams with transverse reinforcement that produced splice failures 
(specimens 4.3 and 7.4) failed less violently than the beams without transverse 
reinforcement, but failure was more sudden than for the beams with transverse 
reinforcement described in Chapter 3. The load-deflection curve for specimen 4.3 
(Fig. 4.2) shows that the load dropped slightly after the peak load. This drop in load 
was accompanied by a loud "popping" sound. The load then began to increase again, 
but complete splice failure occurred before the load exceeded the previous maximum. 
Concrete damage at the steel-concrete interface was very extensive for all 
specimens that produced splice failures. Shearing of the concrete around the 
perimeter of the bar, similar to that described in Chapter 3 for the high relative rib 
area bars with transverse reinforcement, was observed in specimens both with and 
without transverse reinforcement. However, in the current case, this damage occurred 
along nearly the entire splice length of the threaded bar specimens, instead of only 
near the discontinuous end. 
4.4 Evaluation of Test Results 
The splice strengths obtained for the 6 specimens with threaded bars are 
compared to the strengths of No. 8 bars described in Chapter 3 and to the strengths 
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predicted using Eqs. 3.1 and 3.10 for splices without and with transverse 
reinforcement, respectively. Test/prediction ratios are given in Table 4.3. 
4.4.1 Splices Without Transverse Reinforcement 
Specimens 3.3 and 7.3 were tested without transverse reinforcement in the 
splice region. These specimens were identical, except for the concrete strength [f' c = 
5110 and 4160 psi (35 and 29 MPa) for specimens 3.3 and 7.3, respectively] and rib 
interlock (interlock allowed in specimen 3.3 and prevented in specimen 7.3). 
The test/prediction ratios, based on Eq. 3.1, were 1.11 and 1.09 for specimens 
3.3 and 7.3, respectively. The small difference in ratios between the two specimens 
indicates that interlocking of the ribs had almost no effect on bond strength when 
confining reinforcement was not present. Test/prediction ratios for the 133 specimens 
used to develop Eq. 3.1 averaged 1.00 and ranged from 0. 72 to 1.29 (Darwin et al. 
1995a, 1996a). The 9 tests of No. 8 (25 mm) bars (R, = 0.069 to 0.140) without 
transverse reinforcement reported by Idun and Darwin (1995) produced 
test/prediction ratios ranging from 0. 94 to 1.13 with an average of 1.03. The two tests 
described in this chapter seem to suggest that a relative rib area of 0.284 may increase 
bond strength by about 10%, compared to bars with R, below 0.14, even without 
transverse reinforcement. However, more tests are needed to determine if this 
apparent increase is real or the result of experimental scatter. 
4.4.2 Splices With Transverse Reinforcement 
The additional bond strength provided by transverse reinforcement, T 5, 
normalized with respect to f'c 114 for the four threaded bar specimens is plotted versus 
the effective transverse reinforcement, NAufn, in Fig. 4.3. For comparison, the values 
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for the No. 8 (25 rnrn) bars tested in concrete containing limestone coarse aggregate 
described in Chapter 3 are also plotted. Fig. 4.3 illustrates that the transverse 
reinforcement was significantly more effective in the threaded bar specimens. 
At the time the specimens in Group 3 were designed, only five tests of high 
relative rib area bars with transverse reinforcement had been completed by Idun and 
Darwin (1995). The additional bond strength due to transverse reinforcement for the 
threaded bars was much higher than anticipated, based on the limited data available. 
As a result, the first two specimens with transverse reinforcement (specimens 3.! and 
3 .2) failed due to crushing of the concrete, without producing splice failures. In 
specimen 3.1, compression failure and a large amount of transverse reinforcement 
combined to produce a low test/prediction ratio of 0.83, based on Eq. 3.1 0. However, 
even though the full strength of the splice was not reached, specimen 3.2 produced a 
test/prediction ratio of 1.27. 
The remaining two specimens with transverse reinforcement produced splice 
failures and were identical, except that in specimen 4.3 the ribs were allowed to 
interlock while in specimen 7.4 interlock was prevented. The splice strengths of these 
specimens show that, unlike the specimens without transverse reinforcement, 
interlocking of the ribs has a significant impact on bond strength. Bar stresses at 
splice failure were 107 and 80 ksi (738 and 552 MPa) for specimens 4.3 and 7.4, 
respectively. Allowing the ribs to interlock resulted in a 34% increase in total splice 
strength. The influence of rib interlock is even more apparent when comparing the 
additional bond strength due to transverse reinforcement for the two specimens. The 
values of T/f'c 114 were 5990 and 3295 in? (3.86 and 2.13 m2) for specimens 4.3 and 
7.4, respectively, which shows that allowing the ribs to interlock, in this case, resulted 
in an 82% increase in the effectiveness of the transverse reinforcement. 
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Specimens 4.3 and 7.4 produced test/prediction ratios of 1.39 and 1.04, 
respectively. The No. 8 (25 mm) bars tested in concrete containing limestone coarse 
aggregate discussed in Chapter 3 produced test/prediction ratios ranging from 0.77 to 
1.14, with an average of 0.92. Compared to these tests, the threaded bar specimen 
without rib interlock produced a test/prediction ratio 13% higher than the average, but 
within the range. The specimen with rib interlock produced a test/prediction ratio 
51% higher than the average. 
Overall, the test results indicate that Eq. 3.10 accurately predicts the splice 
strength of bars with relative rib areas as high as 0.284, if the ribs do not interlock. 
However, for splices with transverse reinforcement, Eq. 3.10 severely underpredicts 
splice strength when rib interlock is allowed. 
CHAPTER 5: MOMENT-ROTATION TESTS 
5.1 General 
Darwin and Graham (1993a, 1993b) used beam-end specimens to evaluate the 
bond strength of machined bars with relative rib areas ranging from 0.05 to 0.20. 
Among their conclusions was that the initial stiffness of the load-slip curve increases 
as relative rib area increases. A discussion in response to the paper by Darwin and 
Graham (1993b) expressed concern that "the length of flexural reinforcement which 
attains yield at a plastic hinge will be reduced by stiffer bond characteristics, resulting 
in reduced plastic hinge rotation capacity" (Cairns 1994). 
This chapter describes the testing and analysis of beam specimens used to 
investigate the effects of increased relative rib area on the load-deflection and 
moment-rotation response of beams with continuous reinforcement. 
5.2 Experimental Program 
A total of 4 beam specimens, cast in groups 16 and 17, were tested. Each 
group contained two specimens. These beams were cast with the splice specimens in 
groups 16 and 17 (described in Chapter 3). The main test parameters were relative rib 
area and reinforcement ratio. The specimens consisted of two matched pairs of 
beams. The specimens in group 16 contained two No. 8 (25 mm) bars, resulting in a 
reinforcement ratio, p, of 43% of the balanced reinforcement ratio, Pb (based on 
actual material properties). The specimens in group 17 contained three No. 8 (25 
mm) bars, resulting in p = 0.68Pb· One beam in each group contained conventional 
bars, while the other beam contained high relative rib area bars. 
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5.2.1 Test Specimens 
The beams used in this study were 16 ft (4.9 m) long, with nominal widths 
and depths of 12 and 16 in. (305 and 406 mm), respectively. The specimens were 
tested as simply supported beams with one concentrated load at the center as shown in 
Fig. 5.1. Each specimen contained 2 or 3 continuous bottom-cast test bars (Fig. 5.2) 
with nominal bottom and side covers of 2 in. (51 mm). No. 3 (9.5 mm) closed 
stirrups spaced 6 in. (152 mm) on center were included along the entire length of the 
beams to provide shear strength. No.4 (13 mm) bars were used as top reinforcement 
to hold the stirrups in place. Actual member dimensions are given in Table 5.1. 
5.2.2 Materials 
Reinforcing Steel: All bars met the requirements of ASTM A 615, except 
that the experimental bars did not contain bar markings. Two deformation patterns 
were tested and are shown in Fig. 5.3. The bars were selected because of their similar 
yield strengths and the range of relative rib area. The conventional bars, designated 
8NO, have a relative rib area of 0.069 and a yield strength of 78.0 ksi (538 MPa). The 
experimental bars, designated 8N3, have a relative rib area of 0.119 and a yield 
strength of 80.6 ksi (556 MPa). Both bars were produced from the same heat of steel. 
Relative rib areas were measured according to the procedure described in Appendix 
A. The yield strengths reported were determined from tests of three samples of each 
bar designation. Test bar properties are given in Table 5.2. Conventional ASTM 
Grade 60 No. 3 and No. 4 (9.5 and 13 mm) bars were used for stirrups and top 
reinforcement, respectively. 
Concrete: Air-entrained concrete was supplied by a local ready-mix plant 
and contained Type I portland cement, Kansas River sand, and 3/4 in. (19 mm) 
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maximum nominal size crushed limestone coarse aggregate. A water-cement ratio of 
0.44 was used to produce concrete compressive strengths of 5170 and 4760 psi (36 
and 33 MPa) at test ages of 23 and 20 days for the specimens in groups 16 and 17, 
respectively. Mix proportions and concrete properties are given in Table 5.3. 
5.2.3 Specimen Fabrication 
Formwork: The formwork described in section 3.2.3 for splice specimens 
was also used for the specimens described in this chapter. 
Reinforcing Steel Cages: The reinforcing steel cages for the specrmens 
described in this chapter were similar to those described in section 3 .2.3 for splice 
specimens, except that the bottom No.8 (25 mm) test bars were continuous and No.3 
(9.5 mm) stirrups spaced 6 in. (152 mm) on center were provided along the entire 
length of the specimen. No. 4 (13 mm) bars were used as top reinforcement. In 
specimens containing conventional reinforcement, the test bars were positioned so 
that the bar markings were centered on the centerline of the beam to minimize their 
effect on the response of the specimen. The high relative rib area reinforcement did 
not have bar markings. The test bars were cleaned with acetone to remove debris 
once before placing the bars in the forms and again just prior to casting. 
As shown in Fig. 5.4, six transverse 1/2 in. (12. 7 mm) diameter all-thread rods 
were cast in the specimen to provide attachment points for the L VDTs used to 
measure rotation at the center of the beam. These rods were located 3.5 in. (89 mm) 
from the top and bottom of the specimen. Two rods were located at the center of the 
beam and two were located 17 in. (432 mm) on each side of the center of the beam. A 
length of 17 in. (432 mm) on each side of the center was chosen based on estimates of 
the plastic hinge length (Park and Paulay 1975). 
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Placement and Curing Procedure: The specimens were cast from the same 
batches of concrete as the splice specimens in groups 16 and 17. Concrete was placed 
in two lifts, each approximately one-half the depth of the specimen. In the first lift, 
concrete was placed first in the two ends (approximately one-third the specimen 
length) followed by the center of the specimen. In the second lift, the placement 
order was reversed so that the center of all beams was placed first, followed by the 
ends. Each lift was vibrated with a 1 112 in. (38 mm) square internal vibrator on 
alternate sides of the beam at 1 ft (0.3 mm) intervals. 
The specimens were cured in the same manner as the splice specimens 
described in Chapter 3 (see section 3.2.3). 
Three additional 6 x 12 in. (152 x 305 mm) cylinders were cast in each group 
so the moment-rotation specimens could be tested on a different day than the splice 
specimens. 
5.2.4 Test Procedure 
The specimens were tested as simply supported beams with a concentrated 
load applied at the center (Fig. 5.1). The beams were supported 6 in. (305 mm) from 
the ends by pin and roller supports mounted on concrete pedestals. Steel plates, 
attached to the specimen with a thin layer of high strength gypsum cement 
(Hydrostone), separated the beam from the supports. A downward load was applied 
at the center of the beam using two 60-ton hollow-core hydraulic jacks powered by an 
Amsler hydraulic testing machine. Two 1 112 in.(38 mm) diameter steel rods were 
used to transfer the force from the jacks to a steel spreader beam mounted across the 
specimen. The rods were attached to the spreader beam with semi-cylindrical rollers 
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to keep the applied load vertical. The beams were painted with diluted white latex 
paint to make cracks more visible. Load was applied at about 3 kips (13 kN) per 
minute up to approximately 90% of the yield load. During this period, load was held 
constant at 5 kip (22 kN) increments as cracks were marked. Above 90% of the yield 
load, the beams were loaded continuously to failure, after which any additional cracks 
that had formed were marked. 
A spring-loaded L VDT bearing against the bottom of the beam was used to 
measure the centerline deflection. Load on the beam was measured using the load 
rods, which were instrumented as load cells using four strain gages in a full bridge 
configuration. Flexural rotation of the beam on each side of the load point was 
measured using two L VDTs, as shown in Fig. 5.4. These L VDTs were attached to 
the 112 in. (12.7 mm) diameter all-thread rods cast in the specimen. Two L VDTs 
were mounted on the north face of the beam and measured rotation on the east side of 
the load point. The other two L VDTs were mounted on the south face of the beam 
and measured rotation on the west side of the load point. Cracks were marked on 
both sides of the beam, opposite the faces on which the rotations were measured (i.e. 
cracks were marked on the north face of the beam west of the load point and on the 
south face of the beam east of the load point). 
Load cell and L VDT readings were acquired using a Hewlett-Packard data 
acquisition system controlled by a computer and stored on the computer's hard disk. 
Up to 90% of the yield load, readings were taken at approximately 10 second 
intervals. After 90% of the yield load, readings were taken at approximately 1 second 
intervals. 
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5.3 Results, Observations and Evaluation 
Load-deflection curves for the specimens in groups 16 and 17 are shown in 
Figs. 5.5a and b, respectively. Moment-rotation curves for the specimens in groups 
16 and 17 are shown in Figs. 5.6a and b, respectively. 
Rotation of the beam on each side of the load point was calculated from 
e = tan-!( Llt : Llb) 
where e = rotation, rad. 
6 1 =deflection of the top L VDT, in., positive in compression (Fig. 5.4) 
ilb =deflection of the bottom LVDT, in., positive in tension (Fig. 5.4) 
(5.1) 
a =average vertical distance between the top and bottom L VDTs, in. (Table 
5.1 and Fig. 5.4) 
The rotations plotted in Figs. 5 .6a and b are the averages for both sides of the load 
point. Individual moment-rotation curves for each side of the load point are shown in 
Appendix B. 
As expected, the specimens with three No. 8 (25 mm) bars produced higher 
loads and stiffuesses up to the yield load than did the specimens with two No. 8 (25 
mm) bars. After reaching the yield load, the stiffuesses of the load-deflection and 
moment-rotation curves were greatly reduced as a plastic hinge developed near the 
load point. Loading was continued until a significant drop in load was produced by 
crushing of the concrete near the load point. Specimens with three No. 8 (25 mm) 
bars failed in compression soon after yielding, while specimens with two No. 8 (25 
mm) bars produced significant additional displacement and rotation after yielding. 
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The load-deflection and moment-rotation curves (Figs. 5.5 and 5.6, 
respectively) for matched pairs of specimens are nearly identical. These figures 
indicate that an increase in relative rib area does not have a measurable effect on the 
displacement or rotational capacity of beams in which plastic hinges form. 
Crack patterns for the specimens are shown in Figs. 5.7-5.10. Flexural cracks 
initially formed near the load point. As the load increased, these cracks grew while 
more cracks developed farther away from the load point. After completion of the 
tests, cracking was more extensive near the load point. Figs. 5.7-5.10 show that the 
crack patterns for matched pairs of beams are very similar and that the spacing and 
distribution of flexural cracks is not affected by the relative rib area of the test bar. 
As shown in Figs. 5.7-5.10, compression failure occurred only on the west 
half of all specimens, except for a small amount of crushing on the east half of 
specimen 16.5 (Fig. 5.8a). This was probably due to the unsyrnmetric support 
conditions (one pin and one roller support) that may have caused a slight change in 
the length of the span on the end of the beam supported by the roller as the specimen 
was loaded. 
Overall, the test results do not support the concerns expressed about the 
effects of increased relative rib area on the rotational capacity provided by plastic 
hinges in beams containing high relative rib area bars. 
CHAPTER 6: SPLICE LENGTH COMPARISONS AND ESTIMATED 
MATERIAL SAVINGS 
6.1 General 
In this chapter, the development and splice length criteria described in Chapter 
3, for both conventional and high relative rib area bars, are compared to the more 
detailed of the expressions in ACI 318-95 described in Chapter I (Eq. 1.3). The 
effects of using new (high relative rib area) bars on splice and development lengths 
for coated and uncoated bars with and without transverse reinforcement using the 
criteria developed in this study are also discussed. To obtain estimates of reductions 
in splice lengths and material savings, splice lengths for bars in actual structures are 
calculated using the criteria in ACI 318-95 and the criteria described in Chapter 3. 
Comparisons are also made between the more precise of the equations in Chapter 3, 
Eq. 3.13, that includes the increase in bond strength when eM > em and the larger 
effective cover when c5i controls, and the simpler equation, Eq. 3.14, that is obtained 
from Eq. 3.13 by setting eM = em and c5 equal to the smaller of the side cover or one-
half the clear spacing between bars. 
6.2 Comparison of ACI 318-95 Criteria to the Criteria in Chapter 3 
This section discusses several important differences between the ACI criteria 
and the criteria described in Chapter 3 and their impact on splice and development 
lengths. In some cases, the ACI criteria result in an underestimate of the development 
length necessary to produce a desired bar stress, resulting in decreased safety. In 
other cases, the ACI criteria result in an overestimate of the necessary development 
length, resulting in decreased economy. The criteria described in Chapter 3 provide a 
more uniform factor of safety than the ACI criteria, without being overconservative, 
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because they are based on accurate expressions and include a reliability-based 
strength reduction factor. 
To simplify the comparisons presented in sections 6.2.1 to 6.2.4 between the 
ACI criteria and the criteria described in Chapter 3, Eq. 3.14 is used because the 
definition of c in Eq. 3.14 is the same as in the ACI criteria. Using Eq. 3.14 also 
eliminates the need to specify the value eM and whether c5; controls, allowing more 
general comparisons between the two criteria. However, it should be noted that 
development/splice lengths calculated using Eq. 3.14 will always be greater than or 
equal to those calculated using Eq. 3.13. 
6.2.1 Relationship Between Bond Force and Development Length 
The ACI expression, Eq. 1.3, assumes that the relationship between bond 
force and development length is linear and proportional. Therefore, to increase the 
force, or stress, in a bar by a given percentage requires that same percentage increase 
in development length. In the criteria described in Chapter 3, the relationship 
between bond force and development length is also linear, but not proportional. 
Therefore, to increase the stress in a bar by a given percentage requires more than that 
percentage increase in development length. 
The effect of the relationship between bar stress and development length is 
shown in Fig. 6.1 for No. 8 (25 mm) bars without transverse reinforcement with c/db 
= 2 and f'c = 5000 psi (34.5 MPa). This figure shows that, on the average, the ACI 
derived development length will be inadequate for design stresses greater than 62 ksi 
( 427 MPa). Fig. 6.1 also shows that the ACI equation requires shorter development 
lengths, and is therefore unconservative compared to Eq. 3.14, when the stress in the 
bar is greater thim 45 ksi (31 0 MPa). 
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6.2.2 Effect of Concrete Strength 
The ACI equation uses f'c 
112 
to represent the effect of concrete strength on 
bond strength but limits f'c 
112 
to a maximum of 100 psi (0.69 MPa). Therefore, no 
additional decrease in development length is obtained when the concrete strength is 
above 10,000 psi (69 MPa). Darwin eta!. (1995a, 1996a) showed that using f'c 112 to 
represent the effect of concrete strength underestimates bond strength for low strength 
concrete and overestimates bond strength for high strength concrete. The equations 
developed in Chapter 3 use f'c 
114 
to represent the effect of concrete strength, which 
provides a more accurate representation than f'c 
112 
for concrete strengths ranging from 
2,500 to 16,000 psi (17.2 to 110.3 MPa), the range of strengths used to develop the 
equations. 
6.2.3 Effect of Transverse Reinforcement 
Although the symbol used for the term representing the effect of transverse 
reinforcement, K1" is the same in both the ACI equation and the equations described 
in Chapter 3, the expressions for Ktr are different. In the ACI equation, Ktr = 
Atrfy/(1500 sn). In the equations of Chapter 3, Ktr = 35.3 (9.6 R, + 0.28)(0.72 db+ 
0.28)At/sn = 35.3 t,tctAt/sn. 
The two expressions for Ktr differ in two important ways. The first is that the 
ACI expression for Ktr includes the yield strength of the transverse reinforcement, fyt. 
As discussed in Chapter 3, Darwin et al. (1995a, 1996a) found that the yield strength 
of the transverse reinforcement does not effect the increase in splice strength due to 
transverse reinforcement. Therefore, fyt is not included in the expressions for Ktr in 
the equations of Chapter 3. The second important difference is that the expression for 
Ktr in the equations of Chapter 3 contains two terms, t, and tct, that account for the 
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increase in the effectiveness of transverse reinforcement as relative rib area and bar 
size increase, respectively. The ACI equations do not account for the effects of 
relative rib area and bar size on the effectiveness of transverse reinforcement. 
Compared to the expression for Ktr in the equations of Chapter 3, the ACI 
expression underpredicts the effect of transverse reinforcement for No. 10 (29 mm) 
and larger conventional bars (average Rr = 0.0727) and No.6 (19 mm) and larger new 
bars (average Rr = 0.1275) when fyt = 60 ksi (414 MPa). For fyt = 40 ksi (276 MPa), 
the ACI expression underpredicts the effectiveness of the transverse reinforcement for 
No.6 (19 mm) and larger conventional bars and all sizes of new bars. 
Another important difference between the ACI equation and the equations of 
Chapter 3 is the upper limit on the amount of useable confinement, represented by the 
term ( c + Ktr)/db. In the ACI equation, ( c + Ktr)/db is limited to a maximum value of 
2.5. As discussed in Chapter 3, Darwin eta!. (1995a, 1996a) found that ratios of test 
to predicted strengths for the tests used to develop the expressions presented in 
Chapter 3 average above 1.0 unless ( c + Ktr)/db exceeds a value of 4. 
6.2.4 Splice Lengths 
Under the provisions of ACI 318-95, splice lengths are calculated based on the 
class of the splice. Splices where the area of reinforcement provided is at least twice 
that required by analysis and one-half or less of the total reinforcement is spliced at 
one location are defined as Class A splices, with a splice length equal to the 
development length, lct. All other splices are defined as Class B splices, with a splice 
length equal to 1.3 lct. 
As discussed in Chapter 3, the equations of Chapter 3 can be used to calculate 
both splice and development lengths, without the need for a separate factor for 
splices. 
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Bars Not Confined By Transverse Reinforcement: Ratios of the 
development'splice lengths obtained using Eq. 3.14 to the Class A splice (or 
development) lengths and the Class B splice lengths obtained using the ACI criteria 
are given in Table 6.1 for bars without transverse reinforcement and c/db :c; 2.5. This 
table shows that, for No. 6 (19 mm) and smaller bars, splice lengths obtained using 
Eq. 3.14 range from II% to 56% longer than Class A splice lengths obtained using 
the ACI criteria, and from 15% shorter to 20% longer than Class B splice lengths 
obtained using the ACI criteria. For No. 7 (22 mm) and larger bars, splice lengths 
obtained using Eq. 3.14 range from 5% to 25% longer than Class A splice lengths 
obtained using the ACI criteria, and from 19% to 4% shorter than Class B splice 
lengths obtained using the ACI criteria. Only Grade 60 (414 MPa) No. 7 (22 mm) 
and larger bars are considered because Grade 40 (276 MPa) bars are only available in 
No. 6 (19 mm) and smaller sizes. 
For No. 6 (19 mm) and smaller bars, the significant increase in splice lengths 
obtained using Eq. 3.14, compared to the Class A splice lengths obtained using the 
ACI criteria, are a result of the 0.8 factor in the ACI equation for these bars and the 
assumption that bar stress is proportional to development length in the ACI equation. 
As shown in Fig. 6.2, in which bar stress is plotted as a function of lctldb for No. 6 and 
smaller bars with c/db = 2.5 and f'c = 5000 psi (34.5 MPa), these two factors combine 
to produce increasingly unconservative predictions of bar stress, compared to the 
stress predicted by Eq. 3.14, when lctldb exceeds 11.2. This observation is supported 
by the test data for bars without transverse reinforcement used to develop the 
equations in Chapter 3. Test' predicted bar stress ratios for the tests are plotted versus 
lctfdb in Figs. 6.3 and 6.4 for the ACI development length equation and Eq. 3.14, 
respectively. Individual test data are presented in Table C.!. Fig. 6.3 shows that the 
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best-fit lines for test/predicted bar stress based on the ACI equation decrease sharply, 
especially for No. 6 (19 mm) and smaller bars, as lctfdb increases. Fig. 6.4 shows that 
the best-fit lines for test/predicted bar stress based on Eq. 3.14 decrease only slightly 
as lctfdb increases and are nearly the same for No. 6 (19 mm) and smaller and No. 7 
(22 mm) and larger bars. Figs. 6.3 and 6.4 also illustrate the reduction in scatter of 
test/prediction ratios for Eq. 3.14 compared to the ACI equation. 
Under the criteria in Chapter 3, the upper limit on the amount of useable 
confinement, represented by the term c/db for bars without transverse reinforcement, 
is increased from 2.5, in the ACI criteria, to 4.0 allowing splice lengths for bars with 
large covers to be reduced. Ratios of development/splice lengths obtained using Eq. 
3.14 to Class A and Class B splice lengths obtained using the ACI criteria are given in 
Table 6.2 for c/db = 4. For No. 6 (19 mm) and smaller bars, splice lengths obtained 
using Eq. 3.14 range from 18% shorter to 29% longer than Class A splice lengths 
obtained using the ACI criteria, and from 37% to I% shorter than Class B splice 
lengths obtained using the ACI criteria. For No. 7 (22 mm) and larger bars, splice 
lengths obtained using Eq. 3.14 range from 34% to II% shorter than Class A splice 
lengths obtained using the ACI criteria, and from 50% to 32% shorter than Class B 
splice lengths obtained using the ACI criteria. 
Bars Confined By Transverse Reinforcement: To compare splice lengths 
for the ACI criteria with the criteria described in Chapter 3, specific configurations 
must be used because of the large number of variables involved. 
Tables 6.3 and 6.4 compare development (or Class A splice) lengths and Class 
B splice lengths for the ACI criteria and Eq. 3.14 for members with 2 in. (51 mm) 
cover and No.3 or No.4 (9.5 or 13 mm) stirrups, respectively, spaced 6 in. (!52 mm) 
on center. Shown in these tables are development and splice lengths for No. 6 (19 
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mm) Grade 40 (276 MPa) bars in 3000 and 6000 psi (21 and 41 MPa) concrete and 
No. 6, No. 8, and No. 11 (19, 25, and 36 mm) Grade 60 (414 MPa) bars in concrete 
witb strengths ranging from 3000 to 15000 psi (21 to 104 MPa) at 3000 psi (21 MPa) 
intervals. Considering botb Tables 6.3 and 6.4 (see summary in Table 6.4), 
development/splice lengths calculated using Eq. 3.14 for conventional bars range 
from 28% shorter to 22% longer and average 8% shorter tban development (or Class 
A splice) lengths calculated using tbe ACI criteria, and range from 45% to 1% shorter 
and average 24% shorter tban Class B splice lengths calculated using tbe ACI criteria. 
Development/splice lengths calculated using Eq. 3.14 for high relative rib area bars 
range from 34% shorter to 8% longer and average 9% shorter than development (or 
Class A splice) lengths calculated using tbe ACI criteria, and range from 50% to 1% 
shorter and average 28% shorter tban Class B splice lengths calculated using tbe ACI 
criteria. Development/splice lengths for high relative rib area bars range from 16% to 
0% shorter and average 5% shorter tban conventional bars using Eq. 3.14. The cases 
shown in tbe tables where no savings are produced from tbe use of high relative rib 
area bars are a result of tbe application of one of two limits: lctfdb 2: 16 or ( c + Ktr)/db 
S4. 
Larger reductions in splice and development lengths for high relative rib area 
bars compared to conventional bars can be obtained for small covers or bar spacings 
and large amounts of transverse reinforcement. This will be discussed in section 6.3. 
Larger reductions in splice and development lengths can also be obtained 
when Eq. 3.13 is used, because this equation takes advantage of (I) tbe increase in 
bond strength when eM > em and (2) tbe larger effective cover when c,i controls. It 
should be noted tbat Eq. 3.14 is obtained from Eq. 3.13 by setting eM equal to em and 
c, equal to tbe smaller of tbe side cover or one-half tbe clear spacing between bars and 
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is therefore calibrated to minimum splice or development strength. The effect of eM > 
em was not considered in the development of the ACI equations. Therefore, it is 
calibrated to the average value of eM/ em for the tests used to develop the equation. 
6.3 Effect of Relative Rib Area 
This section describes the effects of relative rib area on development and 
splice lengths. The ACI equation does not account for the increase in bond strength 
as relative rib area increases for bars confined by transverse reinforcement. 
Therefore, splice length comparisons are limited to comparisons between 
conventional and high relative rib area reinforcement using the criteria described in 
Chapter 3. 
6.3.1 Uncoated Reinforcement 
For bars without transverse reinforcement, the criteria described in Chapter 3 
predict the same development lengths for both conventional and high relative rib area 
bars. However, when the bars are confined by transverse reinforcement, significant 
reductions in development length can be obtained with the use of the new bars. This 
reduction can be seen by taking the ratio of lct for new bars to ld for conventional bars. 
Using Eq. 3.14, this ratio reduces to 
lct (new) , c + Ktr ( conv.) 
' 
lct(conv.) c + Ktr(new) 
where Ktr(conv.) = 34.5 tdA1/sn = 34.5 (0.72 db+ 0.28) AJsn 
Ktr(new) =53 tdA1/sn =53 (0.72 db+ 0.28) AJsn 
This ratio is valid only when lctfdb 2: 16 and (c + Ktr)/db:;:: 4. 
(6.1) 
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The maximum reduction in development length will occur when c/db = 1 (the 
minimum allowed under ACI 318-95) and [c + Ktr(new)]/db = 4. In this case, 
Ktr(new)/db = 3 and Ktr(conv.)/db = (34.5/53) 3 = 0.65 x 3 = 1.95. Using Eq. 6.1, 
lct(new)/liconv.) = 0.74, for a 26% reduction in development length. For c/db = 1 
and %(new)/db = 2 and 1, the reductions become 23% and 17%, respectively. Tables 
6.5 and 6.6 summarize values of lct(new)/lct(conv.) for c/db = 1, 1.5, 2, 2.5, and 3 and 
Ktr(new)/db = 1, 2, and 3. Table 6.5 summarizes the ratios for Grade 60 (414 MPa) 
reinforcement in concrete with strengths ranging from 3,000 to 15,000 psi (21 to 1 04 
MPa) at 3000 psi (21 MPa) intervals and shows that the savings decrease as cover and 
bar spacing increase or when [c + Ktr(new)]/db > 4. Savings also decrease for 
concrete strengths above 6000 psi (41 MPa) because the limit of lct/db 2: 16 begins to 
control the development length of the new bars. Table 6.6 summarizes the ratios for 
Grade 40 (276 MPa) reinforcement in concrete with strengths of 3000 and 6000 psi 
(21 and 41 MPa) and shows that generally smaller savings are obtainable with Grade 
40 (276 MPa) reinforcement because the limit oflctldb 2: 16 has a larger effect. 
6.3.2 Epoxy-Coated Reinforcement 
Bars Not Confined by Transverse Reinforcement; As discussed in Chapter 
3, the ratio of coated to uncoated bar bond strength (p) for high relative rib area bars 
(13 = 0.88) is higher than that of conventional bars (13 = 0.74 from Hester et al. 1991, 
1993). The fact that the relationship between bond strength and development length 
is linear but not proportional results in a ratio of coated to uncoated bar development 
length that varies with f'0 and fy. Using Eq. 3.14, the ratio of coated to uncoated bar 






13f~ J/ 4 
- 1900 
fy 
f'l/4 - 1900 
c 
This ratio is valid only when lct/db 2: 16 and ( c + Ktr)/db::; 4. 
(6.2) 
Ratios of coated to uncoated bar development length for new and conventional 
reinforcement are summarized in Table 6.7 for Grade 40 (276 MPa) reinforcement in 
concrete with strengths of3000 and 6000 psi (21 and 41 MPa) and for Grade 60 (414 
MPa) reinforcement in concrete with strengths ranging from 3,000 to 15,000 psi (21 
to 104 MPa). For new bars with c/db = 1, the ratio oflct(coated)/ld(uncoated) is fairly 
constant at about 1.2, ranging from 1.18 for Grade 60 ( 414 MPa) reinforcement in 
3000 psi (21 MPa) concrete to 1.23 for Grade 40 (276 MPa) reinforcement in 6000 
psi (41 MPa) concrete. For conventional bars with c/db = 1, the ratio of 
lct(coated)/lct(uncoated) ranges from 1.46 to 1.60 which is similar to the current 
development length modification factor of 1.5 in ACI 318-95 for coated bars with 
small cover or bar spacing. The values for conventional and new bars with c/db = 4 
show that the ratios will decrease for high strength concrete as the limit of ld/db 2: 16 
controls development length. In general, when the limits of the equation do not 
control, the ratios decrease as fy increases and f'c decreases. 
Table 6.8 compares the ratio ofld(new) to lct(conv.) for Grade 40 and Grade 60 
(276 and 414 MPa) coated bars. This table shows that ld(new)/ld(conv.) for coated 
bars with c/db = 1 ranges from 0. 77 to 0.81, resulting in about a 20% decrease in 
development length due to the use of high relative rib area bars. This saving is 
important because it applies to all coated bars, even those without transverse 
reinforcement. The ratios for c/db = 4 again show that savings decrease for higher 
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concrete strengths when the development length for the new bars is controlled by the 
limit oflidb?: 16. 
Bars Confined by Transverse Reinforcement: Larger reductions in 
development length for coated high relative rib area reinforcement can be obtained 
when the bars are confined by transverse reinforcement. 
Table 6.9 summarizes ratios of lct(new)/ld(conv.) for Grade 60 (414 MPa) 
coated bars with transverse reinforcement for c/db = 1, 1.5, 2, 2.5, and 3 and 
Ktr(new)/db = 1, 2, and 3 in concrete with strengths ranging from 3,000 to 15,000 psi 
(21 to 104 MPa) at 3000 psi (21 MPa) intervals. As shown in Table 6.9, the ratios of 
lct(new)llct(conv.) range from 0.58 to 0.85, resulting in a 42% to 15% reduction in 
development length for coated high relative rib area bars confined by transverse 
reinforcement. As seen for uncoated bars, the savings are highest for small covers or 
bar spacings and large amounts of transverse reinforcement. 
Ratios of lct(new)/lct(conv.) for Grade 40 coated bars with transverse 
reinforcement are given in Table 6.10 for c/db = I, 1.5, 2, 2.5, and 3 and Ktr(new)/db 
= 1, 2, and 3 in concrete with strengths of 3000 and 6000 psi (21 and 41 MPa). 
Development lengths for the new coated bars range from 40% to 0% shorter than 
conventional bars. The savings for Grade 40 (276 MPa) bars are smaller because of 
the limit oflct/db?: 16 controlling many of the development lengths. 
6.4 Actual Structures 
To determine the effect of the design equations described in Chapter 3 on 
splice lengths and material quantities, two structures were examined. The first 
structure is a composite bridge containing both coated and uncoated reinforcement. 
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The second structure is the lateral load resisting frame system of a twelve story office 
building containing only uncoated reinforcement. 
The splices in these structures were redesigned according to the ACI 318-95 
design criteria, using the detailed expression in Code section 12.2.3, and the two 
equations (Eqs. 3.13 and 3.14) developed in this study for both conventional and new 
(high relative rib area) bars so comparisons could be made for typical amounts of 
cover and transverse reinforcement encountered in design. 
6.4.1 Bridge 
The bridge structure examined was a 247 ft (75.3 m) long and 38 ft (11.6 m) 
wide three span steel and concrete composite bridge containing a total of 93,341 lb 
(42,339 kg) of Grade 60 (414 MPa) reinforcing steel as originally designed. The two 
piers contained 17,410 lb (7 ,897 kg) of uncoated reinforcing steel. The remaining 
75,931 lb (34,442 kg) of reinforcing steel was epoxy-coated reinforcement located in 
the abutments and deck. 
The data used to calculate splice lengths for the bridge are given in Table 6.11. 
The original splice lengths, taken from the bridge plans, and the splice lengths 
calculated using the ACI 318-95 equation and Eqs. 3.13 and 3.14, for both 
conventional and new bars, are given in Table 6.12. In cases where two bars with 
different diameters are spliced together, the smaller bar diameter was used to calculate 
the splice length. 
Splice length ratios comparing the different design criteria are given in Table 
6.13. Average ratios are calculated by weighting each splice configuration equally. 
Splice lengths for both conventional and new bars are, on average, significantly 
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shorter using Eqs. 3.13 and 3.14 than those using ACI 318-95 and those from the 
original design. 
Considering all of the reinforcement in the bridge, splice lengths for 
conventional bars using Eq. 3.13 range from 52% to 102% and average 74% of the 
splice lengths using the criteria of ACI 318-95. These percentages range from 52% to 
134% and average 79% when Eq. 3.14 is used. For new bars using Eq. 3.13, splice 
lengths range from 41% to 90% and average 65% of the splice lengths using ACI 
318-95. These percentages range from 42% to 109% and average 69%when Eq. 3.14 
is used. Splice length ratios for new to conventional bars range from 0. 78 to 1.0 and 
average 0.89 and 0.88 using Eqs. 3.13 and 3.14, respectively. 
It is important to note that the only splice length ratios comparing the criteria 
in Chapter 3 to the ACI criteria that are greater than 1 result from the one Class A 
splice configuration (labeled splice No. 25) in the bridge. Although both the original 
and the ACI 318-95 splice lengths for this configuration are safe according to the 
criteria in Chapter 3, assuming they are never stressed to more than one-half the 
design yield strength of 60 ksi ( 414 MPa), they are not sufficient to develop the full 
design yield strength of the bars should an unanticipated overload situation occur. 
With the exception of this one Class A splice, the splice lengths in the bridge using 
the criteria of Chapter 3 are all shorter than the splice lengths using the ACI criteria, 
and produce maximum ratios of 0.90 for conventional and new bars using Eq. 3.13 
and for new bars using Eq. 3.14 and 0.97 for conventional bars using Eq. 3.14. 
The effect of ignoring the increase in splice strength as eM/em increases can be 
seen by looking at the ratio of splice lengths calculated from Eq. 3.13 to those 
calculated from Eq. 3.14 (which conservatively assumes that eM/em= 1). As shown 
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in Table 6.13, these ratios range from about 0.75 to 1.0 and average 0.95, resulting in 
an overestimate of splice length by as much as 33%. 
All of the splices of uncoated reinforcement in the bridge were either not 
confined by transverse reinforcement or were so heavily confined that the values of ( c 
+ Ktr)/db (using the definitions for c and Ktr in Chapter 3) were above the limiting 
value of 4. These two conditions produce identical splice lengths for conventional 
and new bars under the criteria of Chapter 3. Although no reduction in splice length 
occurred from the use of the new bars, the equations of Chapter 3 produce 
significantly shorter splice lengths that average 67% and 69% of the ACI splice 
lengths using Eqs. 3.13 and 3.14, respectively. 
Splice lengths for the coated bars in the bridge using Eqs. 3.13 and 3.14 for 
conventional bars average 78% and 84% of the ACI splice lengths, respectively. The 
less detrimental effect of epoxy coating on the bond strength of high relative rib area 
bars results in even shorter splice lengths that average 65% and 69% of the ACI splice 
lengths using Eqs. 3.13 and 3.14, respectively, and about 82% of the splice lengths for 
conventional bars using either equation. 
Changes in the weight of the reinforcing steel in the bridge resulting from the 
changes in splice lengths are shown in Table 6.14. Negative values represent a 
decrease in the amount of steel (a reduction in splice length), and positive values 
represent an increase in the amount of steel. 
For the uncoated bars in the bridge, using ACI 318-95 criteria produces a 
0.92% reduction in the amount of steel compared to the original design. As 
mentioned previously, splice lengths for conventional and new uncoated bars in the 
bridge are equal using the criteria of Chapter 3 which produce 1.91% and 1.82% 
reductions in steel weight using Eqs. 3.13 and 3.14, respectively. The savings are 
99 
slightly greater using Eq. 3.13 because this equation accounts for the increase in 
splice strength as eM/em increases, while in Eq. 3.14 eM/em is conservatively assumed 
to be equal to 1. Using Eqs. 3.13 and 3.14 reduces the amount of steel by about 1% 
compared to using the ACI 318-95 equation. 
For the coated bars in the bridge, using ACI 318-95 criteria produces a 0.39% 
increase in the amount of steel compared to the original design. The weight of the 
coated bars in the bridge for the criteria in Chapter 3 is greatly affected by the one 
Class A splice configuration (labeled splice no. 25) in the structure. As discussed 
previously, this is the only configuration for which the criteria in Chapter 3 produce a 
longer splice length than the ACI criteria. However, as shown in Table 6.11, this 
configuration is repeated 218 times throughout the structure. As shown in Table 6.14, 
the increase in steel weight from this one splice configuration cancels out much of the 
savings produced by the remaining configurations. For conventional bars, using Eqs. 
3.13 and 3.14 produce 0.53% and 0.02% reductions in steel weight, respectively. For 
new bars, the two equations produce 1.04% and 0.65% reductions in steel weight, 
respectively. Compared to the amount of steel using the ACI 318-95 criteria, steel 
weight is reduced by 0.91% and 0.41% for conventional bars and by 1.43% and 
1.03% for new bars using Eqs. 3.13 and 3.14, respectively. Comparing the steel 
weights for conventional and new bars using the criteria of Chapter 3 shows that the 
use of new bars results in 0.52% and 0.64% reductions for the two equations. 
Overall, using the ACI 318-95 criteria results in a 0.14% increase in the total 
amount of steel in the bridge compared to the original design. For conventional bars, 
total steel weight is reduced 0.78% and 0.36%, while for new bars, steel weight is 
reduced 1.21% and 0.87% using Eqs. 3.13 and 3.14, respectively. Compared to the 
amount of steel using ACI 318-95, total steel weight is reduced by 0.93% and 0.50% 
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for conventional bars and 1.35% and 1.01% for new bars using the two equations in 
Chapter 3. Comparing the steel weights for conventional and new bars using the 
criteria of Chapter 3 shows that the use of new bars results in 0.42% and 0.51% 
reductions for the two equations. 
The analysis of the bridge structure demonstrates that significant reductions in 
splice length are obtained using the design criteria in Chapter 3. The reductions in 
splice length result in less congested reinforcement, allowing easier concrete 
placement and reducing the risk of segregation, along with a reduction in the amount 
of reinforcing steel in the structure. The reductions in splice length, congestion, and 
amount of reinforcing steel are greatest when the design criteria in Chapter 3 are used 
in conjunction with high relative rib area reinforcing bars, especially when the bars 
are epoxy-coated. 
6.4.2 Building 
The second structure investigated is a 12 story office building in which a cast-
in-place reinforced concrete frame system is used to resist lateral loads. The 
remainder of the building is constructed with precast concrete elements, except for the 
floor slabs and some of the interior beams. Only the splices in the beams and 
columns of the cast-in-place frame were examined in this study. All splice lengths 
were recalculated based on the ACI design criteria and the criteria in Chapter 3. 
The frame contains a total of 3,193,283 lb (1,448,448 kg) of Grade 60 (414 
MPa) uncoated reinforcing steel, as originally designed. Approximately 40% of the 
steel is located in the beams and 60% is located in the columns. Concrete strength is 
either 5000 or 6000 psi (34.5 or 41.4 MPa). 
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Beams: Individual splice data, splice lengths, changes in steel weight, and 
splice length ratios for the splices in the beams are given in Appendix D (see Table 
D.1) for each of the design criteria considered. Maximum, minimum, and average 
splice length ratios for the splices in the beams are summarized in Table 6.15. 
Splice lengths calculated using both the ACI 318-95 design criteria and the 
criteria in Chapter 3 are, on average, significantly shorter than those of the original 
design. Average splice lengths range from 62% of the original lengths using the ACI 
criteria to 43% of the original lengths using Eq. 3.13 for high relative rib area bars. 
Table 6.15 also shows that splice lengths calculated using the criteria of 
Chapter 3 average about 80% and 70% of the splice lengths calculated using the ACI 
equation for conventional and new bars, respectively. For conventional bars, Eq. 3 .13 
produces splice lengths ranging from 60% to 91% and averaging 78% of ACI splice 
lengths, while Eq. 3.14 produces splice lengths ranging from 68% to 91% and 
averaging 83% of the ACI splice lengths. For high relative rib area bars, Eq. 3.13 
produces splice lengths ranging from 54% to 86% and averaging 70% of the ACI 
splice lengths, while Eq. 3.14 produces splice lengths ranging from 56% to 86% and 
averaging 73% of the ACI splice lengths. Under the criteria described in Chapter 3, 
splice lengths for high relative rib area bars range from 83% to 95% and average 89% 
of those for conventional bars. Splice lengths using the more precise Eq. 3.13 
average 95% of the splice lengths using the simplified Eq. 3.14. 
The reductions in the splice lengths for the beams are reflected in the beam 
steel weights for each design criteria shown in Table 6.16. Using the ACI 318-95 
criteria, the total beam steel weight is reduced 4.4% to 1,207,800 lb (547,848 kg) 
compared to the original weight of 1,250,137 lb (567,053 kg). Using Eqs. 3.13 and 
3.14 for conventional bars, the weight is reduced to 1,187,657 and 1,194,219 lb 
102 
(538,712 and 541,689 kg), respectively, resulting in a 1.7% and 1.1% reduction in 
weight compared to the ACI design. For new bars, the weight is reduced to 1,180,158 
and 1,185,233 lb (535,311 and 537,613 kg), resulting in a 2.3% and 1.9% reduction in 
weight compared to the ACI design. Comparing the weights for conventional to new 
bars under the criteria of Chapter 3 shows that the use of high relative rib area bars 
results in a 0.6% and 0.8% reduction in weight using Eqs. 3.13 and 3.14, respectively. 
Columns: Individual splice data, splice lengths, changes in steel weight, and 
splice length ratios for the splices in the columns are given in Appendix D (see Table 
D.2) for each of the design criteria considered. Maximum, minimum, and average 
splice length ratios for the splices in the columns are summarized in Table 6.15. 
All splices in the columns are splices of No. II (36 mm) bars that are heavily 
confined by transverse reinforcement. Using the ACI criteria, the large amounts of 
transverse reinforcement result in values of ( c + Ktr)/db ?::. 2.5 (the maximum allowed 
in the ACI equation) for all splices. Therefore, all splice lengths are equal to 46.7 and 
42.6 in. (1186 and I 082 mm) for splices in 5000 and 6000 psi (34.5 and 41.4 MPa) 
concrete, respectively. All splice lengths calculated using both equations in Chapter 3 
are shorter than the splice lengths necessary for compression splices. Therefore, all 
splice lengths for both conventional and new bars are equal to the 30 db compression 
splice length given in ACI 318-95 section 12.16.1 multiplied by the 0.83 factor of 
section 12.17.2.4, resulting in a splice length of 35.1 in. (892 mm). As shown in 
Table 6.15, these splice lengths average 56% and 45% of the original splice lengths 
for the ACI equation and the equations in Chapter 3, respectively. Even though the 
splice lengths calculated under the criteria of Chapter 3 are controlled by the 
compression splice lengths, they still average 80% of the ACI splice lengths. 
However, this also results in no savings for using high relative rib area bars. 
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Changes in column steel weight due to the decrease in the column splice 
lengths are given in Table 6.16. Using the ACI criteria, total column steel weight is 
reduced by 3.9% to 1,867,942 Ib (847,284 kg), compared to the original weight of 
1,943,146lb (881,396 kg). Using the criteria in Chapter 3, the column steel weight is 
further reduced to 1,849,032 lb (838,707 kg), which represents a 1.0% reduction 
compared to the weight obtained using the ACI criteria. 
Total: Considering all splices and steel in the beams and columns, the ACI 
criteria produce splice lengths that are, on average, 61% of the original splice lengths, 
resulting in a reduction in total steel weight of 3. 7% compared to the original design. 
For conventional bars, Eqs. 3.13 and 3.14 produce splice lengths that are, on average, 
47% and 50% of the original and 79% and 82% of the ACI splice lengths, 
respectively. These reductions translate into 4.9% and 4.7% reductions in total steel 
weight compared to the original weight and 1.3% and 1.1% reductions compared to 
the ACI design for the two equations. Because compression splice lengths control for 
the column splices, the overall reduction in steel weight produced by the use of high 
relative rib area bars compared to conventional bars is only 0.3% for both Eq. 3.13 
and 3.14, while average splice length for the beams and columns is reduced by about 
9%. 
6.5 Advantages of Proposed Design Criteria and High Relative Rib Area Bars 
The design criteria described in Chapter 3 require only a slight amount of 
additional computational effort to calculate development lengths compared to the ACI 
criteria, but eliminate the need for a separate modification factor for Class B splices. 
The criteria in Chapter 3 are also based on a more accurate expression than the criteria 
in ACI 318-95 that, combined with a reliability-based strength reduction factor, 
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produce a more uniform factor of safety without compromising the economy of a 
structure. 
Perhaps the principal advantage of the new bars is the reduction in steel 
congestion obtained through the use of shorter splices. When this congestion is 
caused by close bar spacing and large amounts of transverse reinforcement, the 
benefits of using high relative rib area bars are the greatest. This means that the new 
bars will have their largest effect on reducing congestion in the most highly congested 
areas. As shown by the comparisons for the structures discussed in section 6.4, the 
effects of using high relative rib area bars depend heavily on the specific splice 
configurations. Splice lengths for high relative rib area bars are identical to those for 
conventional bars when transverse reinforcement is not present, but can be 
significantly shorter when transverse reinforcement is present. On the other hand, 
splice lengths for epoxy-coated bars are significantly reduced when high relative rib 
area bars are used in preference to conventional bars. This advantage is a maximum 
when the bars are confined by transverse reinforcement. 
CHAPTER 7: FINITE ELEMENT STUDIES 
7.1 General 
Brown, Darwin, and McCabe (1993) studied bond using finite element models 
of a beam-end specimen similar to those described in Chapter 2. The portion of the 
beam-end specimen that was modeled is shown in Fig. 7.1. In their analysis, cracking 
of the concrete was modeled only on the vertical plane of symmetry and the 
reinforcing steel was modeled as a square bar with ribs only on the vertical face. In 
the current study, the modeling procedure used by Brown et al. (1993) is extended to 
include multiple crack planes that radiate from the bar, while the bar is modeled using 
a round, rather than square, cross-section. Only beam-end specimens without 
transverse reinforcement confining the bar are considered. 
The study is conducted in two phases. In the first phase, small models in 
which only one rib is modeled on the bar are used to investigate the effects of the 
number of sides on the cross-section of the bar and the number of planes on which 
cracking of the concrete is modeled. Based on the results of the first phase, a bar 
shape and number of crack planes are selected for further study using larger models 
with multiple ribs. 
The results of this study are used to gain insight into the fundamental behavior 
of bond that could aid in the development of a rational, rather than empirical, model 
for predicting bond strength. The study also provides information that will be useful 
for modeling splices in beams using the finite element method. 
7.2 Finite Element Model 
The finite element models in this study represent the portion of a beam-end 
specimen with a 1 in. (25 rnm) diameter bar shown in Fig. 7.1. Based on symmetry, 
106 
only one-half of the width of the specimen is modeled. All of the key elements in the 
bond of reinforcing steel to concrete are explicitly modeled, including cracking of the 
concrete, bearing of the ribs of the bar on the surrounding concrete, and friction and 
cohesion between the steel and concrete. 
The models are generated using PATRAN 3, release 1.4 (1995). To optimize 
the solution procedure, nodes are renumbered to minimize the bandwidth using both 
the Cuthill-MeGee and Gibbs-Spool methods. The node numbering for the method 
producing the minimum bandwidth is retained. The models are analyzed using the 
POLO-FINITE, release 8.3-12, general purpose finite element software system 
(Lopez, Dodds, Rehak, and Schmidt 1994). 
7.2.1 Fracture Mechanics Model 
As discussed in Chapter 2, failure of beam-end specimens generally involves 
the formation of a dominant crack that runs along the length of the bar, through the 
top cover, along with other planar cracks radiating from the bar. These cracks arise 
from tensile stresses in the concrete, produced by bearing of the ribs on the concrete, 
resulting in Mode I cracking (Fig. 7.2a). 
In this study, Mode I cracking is represented using the fictitious crack model 
developed by Hillerborg et al. ( 197 6) and discussed in Chapter I. In the fictitious 
crack model, cracks are assumed to initiate when the stress in the concrete reaches the 
tensile strength, f't· As the crack width increases, the ability of the concrete to 
transfer stress across the crack, due to interlock of the aggregate and crack bridging 
around pieces of aggregate, decreases and reaches zero at a crack width w I· As 
shown in Fig. 1.2, the stress-crack opening displacement relationship used in this 
study decreases linearly from f'1 at zero crack width to zero at a crack width of w I· 
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The values of f'1 and w1 used in this study are 0.4 ksi and 0.0029 in. (2.76 MPa and 
0.074 mm), respectively. Using a linear relationship for the descending branch of the 
stress-crack opening displacement relationship, the fracture energy, 0 0, can be 
calculated from Eq. 1.6 as Gc = 0.5 f'1 w1 = 0.58 lb/in. (1 00 N/m). 
In the finite element models presented in this chapter, cracking of the concrete 
is modeled on the vertical plane of symmetry and on planes radiating from the center 
of the bar at various angles. Rod elements, oriented perpendicular to the crack planes, 
are used to transfer stress from one side of the crack to the other. Each crack rod 
element has two nodes that are initially coincident. Each node has one degree of 
freedom parallel to the element. 
Crack rods along the vertical plane of symmetry represent one-half of the total 
crack along this plane and are shown in Fig. 7.3. One node is connected to the 
concrete substructure, while the other node is constrained against movement 
perpendicular to the crack plane. 
Crack rods that do not lie on the vertical plane of symmetry represent the total 
crack that forms along these planes and are shown in Fig. 7.4. The two nodes for 
these elements are connected to the concrete substructures on either side of the crack 
plane. 
The stress-crack opening displacement relationship for the concrete is 
represented by the stress-strain curve for the crack rods shown in Fig. 7.5. Before the 
stress in the crack rods reaches the tensile strength of the concrete, the stiffuess is 
very high, with a modulus of elasticity, E, of 400,000 ksi (2,758,000 MPa). After 
reaching the tensile strength of the concrete, stresses in the crack rods are determined 
based on the linear descending branch of the stress-strain curve and reach zero stress 
at a strain of 0.0029, which corresponds to a crack width, w1, of 0.0029 in. (0.074 
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mm). At strains above 0.0029, the stress is zero. Because the crack rods along the 
plane of symmetry represent one-half of the total crack, these rods are given a length 
of 0.5 in. (12.7 mm), while rods on the other planes are given a length of 1 in. (25.4 
mm). The area of each crack rod is equal to the tributary area of the concrete 
elements attached to the same nodes. As shown in Fig. 7.6, the tributary areas are 
determined by connecting the midpoints of the sides of the concrete elements 
surrounding the node for each crack rod. 
On crack planes not on the plane of symmetry, two additional rod elements are 
added at each crack rod location to constrain the concrete substructures from sliding 
relative to one another in the plane of the crack. As shown in Fig. 7.7, both of these 
constraint rods are oriented with their longitudinal axis in the plane of the crack, one 
parallel and one perpendicular to the center line of the bar, to prevent Mode II and 
Mode III cracking (Figs. 7.2b and 7.2c), respectively. Both constraint rods are 
connected to the same nodes and have the same area and length as the crack rods at 
the same location. The constraint rods remain linear throughout the analysis, with E 
= 400,000 ksi (2,758,000 MPa). 
7.2.2 Concrete-Steel Interface Representation 
The interface between the concrete and steel is modeled using 3-dimensional 
link elements. As shown in Fig. 7.8, these elements consist of three springs that 
connect the two nodes of the element. The first spring is oriented normal to the 
interface surface. The other two springs are mutually perpendicular and lie in the 
plane of the interface surface. The two nodes are connected to the concrete and steel 
bar substructures. A third node is used to orient the interface element so that it lies in 
the plane of the surface of the rib. 
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Brown et al. (1993) investigated the response of models with interface 
elements on the entire surface of the ribs and with interface elements only on the 
compression face of the ribs. They found that interface elements not on the 
compression face of the ribs no longer contribute to the bond strength after small bar 
displacements. However, the solution of the model is slowed considerably as these 
elements change material states. Placing interface elements only on the compression 
face of the ribs not only decreases the solution time, but gives a good match with the 
response of models with interface elements on the entire surface of the ribs and has a 
minimal effect on bond strength. Based on these results, interface elements are 
placed only on the compression face of the ribs in the current study. 
When the node on a rib face lies along a crack plane, two interface elements 
are used to connect the bar to the concrete substructures on either side of the crack 
plane. Similarly, when the node on a rib face lies at the intersection of two elements 
that form rib faces that do not lie in the same plane, two interface elements are used 
(one oriented normal to the face on each side of the node). In all other cases, only one 
interface element is used for each node on a rib face. 
The contact area assigned to each interface element is chosen so that the sum 
of the contact areas is equal to that of a rib face with a height of 0.06 in. (1.52 mm) on 
a I in. (25.4 mm) diameter round bar. Tributary areas for the interface elements, 
based on the shape of the bar in the model, are multiplied by the ratio of the area of 
the round bar rib face to the total area of the rib face of the shape in the model to 
arrive at the modified contact area. Tributary areas are calculated similar to those of 
the crack rod elements discussed in the previous section. The contact area remains 
constant during the analysis and does not change as the concrete slides relative to the 
rib face. 
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The behavior of the interface elements is governed by a Mohr-Coulomb 
failure surface as shown in Fig. 7.9. This failure surface is defined by the cohesion, c, 
and the coefficient of friction, J..L, between the concrete and the steel and is given by 
[crs! = c - !lO"n (7.1) 
where cr s = ( cr ;Y + cr ;z) 112 = the shear stress, cr sy and cr sz are the mutually 
perpendicular shear stresses in the element, and cr n is the normal stress in the 
element. In the analyses, the coefficient of friction, J..L, is equal to 0.59 based on the 
results of tests to determine the coefficient of friction between concrete and uncoated 
reinforcing steel reported by Idun and Darwin (1995). 
The value of c depends on which of the three possible states the element is in. 
These three states are shown in Fig. 7.9 and include contact/stick, contact/slip, and 
separation. 
In the contact/stick state, defined as (Lopez et al. 1994) 
[crs[,; c- !lO"n (7.2) 
c is set to a value of 0.25 ksi (1. 72 J\.1Pa). This value is the same as that used by 
Brown eta!. (1993). In this state, the shear stress in the element has not exceeded the 
allowable stress determined by the failure surface, and there is no relative movement 





Kstick = ~ 
0 
ksy 
0 ,:] (7.3) 
where kn is the normal stiffness and k,y and ksz are the shear stiffnesses. The 
modulus of elasticity is set to 40,000 ksi (276,000 MPa) to limit the relative 
displacement between the concrete and steel before the interface elements reach the 
failure surface. Each of the springs has a length of 1 in. (25 .4 mm). 
The contact/slip state is reached when the shear stress exceeds the allowable 
stress determined by Eq. 7.2. Once the contact/slip state has been reached, the value 
of c is set to zero, representing a loss of cohesion between the concrete and steel. In 
this state, relative movement in the plane of the interface occurs between the two 
nodes of the element. The stiffness matrix for the contact/slip state is given by 
[
kn 
Ks!ip = ~ 
0 
J.tksy 
0 :J (7.4) 
The separation state occurs when tension stresses arise in the element and the 
two nodes separate. The stiffness matrix for this state is given by 
[
akn 
Ksep = ~ 
0 
ak,y 
0 1J (7.5) 
The parameter a. is used to maintain numerical stability of the model by producing a 
non-singular stiffness in the interface element in the separation state. The value of a. 
is 0.001 in this study. This state occurs only near the end of the analysis, during 
iterations (see section 7.2.5) that do not converge to a solution. 
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7.2.3 Concrete Substructure 
The concrete substructure is modeled using 8-node isoparametric brick 
elements. Each node has translational degrees of freedom in the local x, y, and z 
directions. The elements remain linear elastic throughout the analysis with a modulus 
of elasticity of 4000 ksi (27.6 MPa) and a Poisson's ratio of 0.2. Crushing of the 
concrete in front of the ribs is not modeled. 
7.2.4 Reinforcing Steel Substructure 
The reinforcing steel substructure is also modeled using 8-node isoparametric 
brick elements that remain linear elastic throughout the analysis. Because various 
shapes for the cross-section of the bar are investigated in this study, the area, and 
therefore, the longitudinal stiffuess of the reinforcing steel substructure changes 
between models. To minimize the effects of the change in stiffuess on the results of 
the study, the modulus of elasticity, E, for the steel elements is modified so that the 
stiffuess of the bar for each model corresponds to that of a I in. (25.4 mm) diameter 
round bar with E = 29,000 ksi (200,000 MPa). This is accomplished by multiplying 
29,000 ksi (200,000 MPa) by the ratio of the cross-sectional area of a I in. (25.4 mm) 
diameter round bar to the cross-sectional area of the bar in the model to arrive at an 
effective modulus of elasticity for the steel elements. A Poisson's ratio of 0.30 is 
used for the steel elements in all of the models. 
7.2.5 Solution Procedure 
Load is applied to the model by imposing small increments of displacement 
(load steps) to the nodes at the end of the reinforcing bar substructure. Initially, small 
increments of displacement, 0.0001 in. (0.00254 mm), are used because of the highly 
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nonlinear response of the interface elements as they progress from the contact/stick to 
the contact/slip state. After most of the interface elements have reached the 
contact/slip state, larger increments of displacement, 0.0005 in. (0.0127 mm), are 
used. Near the peak load, the model again becomes highly nonlinear because of crack 
rod elements reaching the descending branch of the stress-strain curve. In this region, 
it is necessary to reduce the displacement increments to allow the solution to 
converge for each load step. 
Because the models contain elements with nonlinear material properties, an 
iterative Newton-Raphson solution procedure is used to arrive at a solution for each 
load step. The iterative solution procedure begins by assuming that the element 
properties are the same as those for the solution to the previous load step. For the 
crack rod elements, the secant stiffness, the slope of a line from the origin to the point 
on the stress-strain curve corresponding to the strain in the element, is used. As 
discussed previously, the stiffuess of the interface elements depends on the state the 
element is in. Stresses and strains in each element for the current load step are then 
calculated based on these properties. 
The next step is to compute the residual loads, which represent the difference 
between the nodal loads applied to the structure and the nodal loads calculated based 
on the current material properties and strains. Residual loads for the crack rod 
elements are based on the difference between the stress calculated from the secant 
stiffuess assumed at the beginning of the iteration and the stress corresponding to the 
strain in the element from the stress-strain curve for the element. Residual loads for 
the interface elements arise when the elements change from one state to another. As 
mentioned previously, the value for the cohesion and the shear stiffuesses for the 
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element change when the state of the element changes. The residua! loads are based 
on the difference in shear between the original and the new failure surfaces. 
Convergence for the current load step is achieved if the ratio of the Euclidean 
norm (square root of the sum of the squares) of the residual load vector to the 
Euclidean norm of the applied load vector is less than a value known as the 
convergence parameter. In the current study, a convergence parameter of 0.5% is 
used. If the ratio is above 0.5%, the element properties are updated and another 
iteration is performed for the current load step. 
7.3 Single-Rib Models 
In the first phase of the study, small models, with only one rib represented on 
the bar, are used to investigate the behavior of models with different cross-sectional 
bar shapes and various numbers of potential crack planes radiating from the bar. The 
results of this phase serve as the basis for selecting a bar shape and number of 
potential crack planes for use in larger models with multiple ribs discussed in section 
7.4. 
7.3.1 Finite Element Models 
The finite element models in this portion of the study were selected to allow 
the effects of bar shape and number of potential crack planes to be investigated using 
small models that could be quickly constructed and analyzed. The models are based 
on the finite element models of beam-end specimens analyzed by Brown eta!. (1993), 
but the overall size is reduced. 
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As shown in Fig. 7.10, the models are 2.5 in. (63.5 mm) wide and 6 in. (152 
mm) long. The overall height is 4.5 in. (114 mm) with 2.5 in. (63.5 mm) of concrete 
below the bar and I in. (25.4 mm) cover above the bar. 
In all models, the rib height is 0.06 in. (1.52 mm) with a rib face angle of 45°. 
The rib is located 0.82 in. (20.8 mm) from the front face of the model to represent a 
0.5 in. (12.7 mm) lead length, as was used for the beam-end specimens described in 
Chapter 2, plus one-half of the center-to-center rib spacing of 0.64 in. (16.3 mm). 
Typical bar and concrete substructures are shown in Fig. 7 .11. 
Bar Shapes; Models with four different cross-sectional bar shapes are 
analyzed. The different shapes, shown in Fig. 7.12, were chosen to determine the 
number of sides necessary to accurately model a 1 in. (25.4 mm) diameter round bar. 
The shapes are labeled, such as 4 H, with the number denoting the number of sides on 
the perimeter and the letter denoting whether the top side is horizontal (H) or not 
horizontal (N). 
The 4 H bar is square with ribs on all sides and the top side horizontal. Bars 
with eight sides around the perimeter are investigated using two different bar 
orientations. For the first orientation (8H), the top side of the bar is horizontal. For 
the second orientation (8N), the top side is at an angle of 22.5° relative to a horizontal 
line. The final shape (16N) is a 16-sided bar with the top side at an angle of 11.25° 
relative to a horizontal line. 
Crack Planes; The two configurations for potential crack planes investigated 
are shown in Fig. 7.13. For the first configuration (labeled 45), crack planes are 
included on the vertical plane of symmetry and on planes at 45°, 90°, and 135° 
relative to the vertical plane, passing through the center of the bar. In the second 
configuration (labeled 22.5), additional crack planes are added to those in the first 
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configuration on planes at 22.5°, 67.5°, 112.5°, and 157.5° relative to the vertical 
plane. All crack planes extend the entire length of the model. 
All four bar shapes are modeled with both crack configurations, for a total of 
eight models. The model labels indicate. the bar shape followed by the crack 
configuration. The number of nodes and elements for each model is summarized in 
Table 7.1. 
Boundary Conditions: The boundary conditions, shown in Fig. 7.10, were 
chosen so that a compressive strut does not intersect the bar when the end of the bar is 
displaced. Nodes on the bottom surface of the model are constrained against moving 
vertically (z direction). Nodes at the back of the bottom surface are constrained 
against moving longitudinally (y direction). Nodes for the reinforcing steel 
substructure that lie on the plane of symmetry are constrained against moving 
laterally (x direction). 
7.3.2 Results and Observations 
As displacement is applied to the nodes at the end of the bar, the interface 
elements progress from the contact/stick to the contact/slip state. This generally 
occurs within the first 5 load steps [total displacement= 0.0005 in. (0.0127 mm)]. As 
displacement of the end of the bar is increased, cracking begins to occur (see section 
7.2.1). Initially, all of the crack planes open slightly near the compression face of the 
rib. Near the peak load, some crack planes begin to dominate, while other crack 
planes close. Opening of the crack planes reduces the clamping force on the bar, 
producing a reduction in the total force in the bar. After the peak load is reached, the 
force in the bar decreases rapidly with little increase in displacement of the end of the 
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bar. The analysis is terminated after the force in the bar begins to drop and a load 
step fails to converge to a solution because of extensive cracking. 
Load-Displacement Response: Load-displacement curves for models with 
the 45 and 22.5 crack configurations are shown in Figs. 7.14 and 7.15, respectively. 
The total load, or bar force, for each model is obtained by summing the reactions at 
the nodes on the end of the bar at which the displacement is applied and multiplying 
by two because only one-half of the specimen is modeled. The bar displacement 
plotted is the total displacement of nodes on the end of the bar. As shown in Figs. 
7.14 and 7.15, the initial stiffness of the load-displacement curves is nearly identical 
for all models. Peak loads and displacements at peak load are given in Table 7.2. 
The load-displacement curves for the models with the 4H, 8N, and 16N bar 
shapes and both crack plane configurations are compared in Fig. 7.16. This figure 
shows that the load-displacement response and the peak loads for these models differ 
somewhat based on bar shape, but are not sensitive to the differences in the two crack 
plane configurations. For the fourth bar shape, 8H, however, the load-displacement 
response of the two models do differ slightly from one another, as shown in Fig. 7.17. 
In this case, the SH-45 model produces slightly higher bar forces than the SH-22.5 
model prior to the peak load. The peak loads, however, are nearly identical. 
As shown in Table 7.2, the highest peak loads are produced by the models 
with the 4H and 8H bar shapes. The average peak loads for both crack configurations 
are 13,360 and 12,870 lb (59.4 and 57.2 kN) for the 4H and 8H bar shapes, 
respectively, while the average peak loads for the 8N and 16N bar shapes are 11,790 
and 12,050 lb (52.4 and 53.6 kN), respectively. 
Cracking Response: Load-crack width curves for models with the 45 and 
22.5 crack configurations are shown in Figs. 7.18 and 7.19, respectively. The crack 
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width plotted is twice the lateral (x direction) displacement of the node on the 
concrete substructure at the intersection of the plane of symmetry, the front face of the 
model, and the top surface of the model. Crack widths at peak load are given in Table 
7.2. 
As shown in Figs. 7.18 and 7.19, the initial response is very similar for all 
models. However, above a bar force of about 5,000 lb (22.2 kN), the curves begin to 
differ, with the largest bar force at a given crack width produced by models with the 
4H bar shape followed by the 8H, 16N and 8N bar shapes. These figures also show 
that the crack widths for the models with the 4H bar shape increase up to a bar force 
of about 13,000 lb (57.8 kN) and then decrease until the peak load is reached. 
The load-crack width curves for the models with the 4H, 8N, and 16N bar 
shapes and both crack plane configurations are compared in Fig. 7.20. This figure 
shows that, as with the load-displacement response, the load-crack width response for 
models with the same bar shape are nearly identical, regardless of which crack plane 
configuration is used. 
As shown in Fig. 7.21, the load-crack width response of the two models 
containing the 8H bar shape is affected by the crack plane configuration. The 8H -45 
model produces higher bar forces at a given crack width than the 8H-22.5 model prior 
to the peak load. However, both models produce nearly identical crack widths at 
failure, resulting in nearly the same clamping force applied by the concrete to the bar 
as shown by the peak loads of 12,892 and 12,855 lb (57.3 and 57.2 kN) for the 8H-45 
and 8H-22.5 models, respectively. 
In all models, except 4H-45, 4H-22.5, and 8H-22.5, the dominant splitting 
plane is the vertical plane of symmetry, similar to that shown in Fig. 7.22 for the 16N-
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45 model at peak load. Some splitting also occurs along other planes but does not 
lead to failure of the specimen. 
For the 4H-45 and 4H-22.5 models, the dominant splitting plane is the 45° 
crack plane, as shown in Fig. 7.23 for the 4H-22.5 model at peak load. Initially, 
splitting along the 45° plane begins near the bar and forces the top segment of the 
concrete substructure to twist, resulting in an increase in crack width along the 
vertical plane. At a bar force of about 13,000 lb (57.8 kN), splitting along the 45° 
plane reaches the top surface of the model. As this plane continues to open, the crack 
rods along it transfer less of a twisting force to the top segment of the concrete 
substructure, and the crack width along the vertical plane begins to decrease. 
For the 8H-22.5 model, dominant splitting planes form through the top cover 
of the bar and on the 67.5° and 157.5° crack planes, as shown in Fig. 7.24. As 
splitting on the 157.5° crack plane increases, the boundary conditions on the bottom 
plane of the model restrain crack growth on this plane. This causes the solution to 
become unstable, converging for only one load step past the peak load. The 
difference in crack pattern from the 8H-45 model explains the differences observed in 
the bar force-displacement curves (Fig. 7.17) and bar force-crack width curves (Fig. 
7.21). 
Table 7.2 shows that crack widths at peak load are nearly identical for models 
with the 8H, 8N, and 16N bar shapes, ranging from 0.00515 in. (0.131 mm) for the 
8H-45 model to 0.00528 in. (0.134 mm) for the 16N-22.5 model. Crack widths at 
peak load for the 4H-45 and 4H-22.5 models, however, are only about one-half of 
these values because the dominant splitting plane is the 45° crack plane. 
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7.3.3 Evaluation 
The results and observations presented in section 7.3 .2 form the basis for 
selecting a bar shape and crack plane configuration for further study using models 
with multiple ribs. 
Due to their unusual cracking response, the 4H-45, 4H-22.5, and SH-22.5 
models are rejected as possible candidates for further study. The response of the SN-
45, SN-22.5, 16N-45, and 16N-22.5 models are very similar to one another, while the 
peak load for SH-45 model is unusually high compared to the other four models. The 
8H-45 model is rejected for this reason. 
The choice between the remaining four models (SN-45, SN-22.5, 16N-45, and 
16N-22.5) is based on the number of nodes and elements required and how accurately 
the model represents a round bar. As shown in Table 7.1, the models with crack 
planes at 22.5° intervals (SN-22.5 and 16N-22.5) require a substantial increase in the 
number of nodes and elements compared to the models with crack planes at 45° 
intervals (SN-45 and 16N-45), with very little effect on model response. This 
increase would be much bigger for the larger, multiple rib models and is not justified 
when considering the very small effect the additional crack planes have on the 
. response of the models. While there is a small increase in the number of nodes and 
elements for the 16N-45 model, compared to the SN-45, due to the number of nodes 
and elements used to model the bar, this increase is justified due to the more accurate 
representation of a round bar provided by the 16N bar shape. Therefore, the bar shape 
and crack plane configuration used in the 16N-45 model are chosen for further 
investigation in the multiple-rib models. 
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7.4 Multiple-Rib Models 
Based on the results presented in section 7.3, a model with a 16-sided bar 
shape and potential crack planes at 45° intervals is chosen for further study using 
larger, multiple-rib models. A total of eight models with I, 3, 6 or 12 ribs and I or 2 
in. (25.4 or 50.8 mm) cover are analyzed. The overall dimensions of the models are 
larger than those of the single-rib models and match those used by Brown et a!. 
(1993). The portion of a beam-end specimen represented is shown in Fig. 7.1. 
7.4.1 Finite Element Models 
As shown in Fig. 7.25, the finite element models are 4.5 in. (114 mm) wide 
and 12 in. (305 mm) long. The overall height is 7 or 8 in. (178 or 203 mm) with 5 in. 
(127 mm) of concrete below the bar and I or 2 in. (25.4 or 50.8 mm) cover above the 
bar. Based on symmetry, only one-half of the width of the specimen is modeled. 
The reinforcing bar substructure for all models and the concrete substructure 
for the model with 2 in. (50.8 mm) cover are shown in Figs. 7.26a and 7.26b, 
respectively. The number of nodes and elements in the models are given in Table 7.3. 
The reinforcing bar substructure has a 16-sided cross-section (16N in Fig. 
7.12). The rib dimensions are the same as those used for the single-rib models, with a 
rib height of 0.06 in. (1.52 mm), a center-to-center spacing of 0.64 in. (16.3 mm), and 
a face angle of 45°, matching those used by Brown eta!. (1993). As in the single-rib 
models, the first rib is located 0.82 in. (20.8 mm) from the front face of the model to 
represent a 0.5 in. (12.7 mm) lead length plus one-half of the center-to-center spacing, 
and interface elements are included only on the compression face of the ribs. 
To simplify the modeling, a single model, containing a reinforcing bar 
substructure with 12 ribs, is used for each value of cover. I, 3, and 6 rib models are 
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created by removing the interface elements on the II, 9, and 6 ribs farthest from the 
front face, respectively. Besides reducing the number of models created, this 
procedure has the added advantage of maintaining the same finite element mesh for 
all models with the same cover. 
The boundary conditions are similar to those used for the single-rib models 
and are shown in Fig. 7.25. Nodes on the bottom surface of the model are constrained 
against moving vertically (z direction). Nodes at the center line of the bottom surface 
(oriented in the x direction) are constrained against moving longitudinally (y 
direction). Nodes for the reinforcing steel substructure that lie on the plane of 
symmetry are constrained against moving laterally (x direction). These boundary 
conditions were shown by Brown et a!. (1993) to produce stress conditions near the 
bar that are similar to those in a beam-end specimen. 
7.4.2 Results and Observations 
The eight models described in the previous section are used to determine the 
effects of cover and embedded length, or number of ribs, on the response of the 
model. The overall response is similar to that of the 16N-45 model, described in 
section 7.3, on which the multiple-rib models are based. The specific response of 
each of the models is discussed in this section. 
For models with interface elements on more than one rib, the interface 
elements on the rib nearest the loaded end of the bar progress from the contact/stick 
state to the contact/slip state first. As displacement of the end of the bar is increased, 
interface elements farther from the loaded end of the bar progress to the contact/slip 
state. 
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Load-Displacement Response; Load-displacement curves for the eight 
models are shown in Fig. 7.27. Peak loads and the displacement at the end of the bar 
at peak load are given in Table 7.4. 
Fig. 7.27 shows that the initial stiffuess of the load-displacement curves 
increases as the number of ribs on the bar increases. Models with I in. (25 .4 mm) 
cover produce a smaller bar force at a given displacement than models with the same 
number of ribs and 2 in. (50.8 mm) cover. 
As displacement of the end of the bar increases, an initial drop in load 
corresponding to the vertical crack plane beginning to open occurs. After the initial 
drop in load, bar force begins to increase again, but the stiffuess of the load-
displacement curve is much lower. In the models with 2 in. (50.8 mm) cover and 3, 
6, and 12 ribs, the peak load occurs after the initial drop in load. For all other models, 
the peak load occurs just prior to the initial drop in load. After the initial drop in load, 
the solution for the 12 rib model with I in. cover converges for only extremely small 
increments of displacement and produces a very short descending branch of the load-
displacement curve. 
The initial drop in load corresponds to the beginning of splitting on the 
vertical crack plane and a reduction in the clamping forces on the bar produced by the 
concrete along this plane. However, as the vertical crack plane continues to open, the 
clamping forces produced by other crack planes increase, resulting in an increase in 
the force in the bar. This will be discussed further in the section describing the 
cracking response of the models. 
Load-Slip Response: Load versus loaded and unloaded end slip curves for 
the models are shown in Figs. 7.28 and 7.29, respectively. Values of loaded and 
unloaded end slip at peak load are given in Table 7.4. The nodal displacements used 
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to calculate loaded and unloaded end slip were chosen to replicate, as closely as 
possible, the methods used for actual beam-end specimens. Loaded end slip is the 
difference between the longitudinal (y direction) displacements of the loaded end of 
the bar and the concrete node on the 90° crack plane at the outside of the model. 
Unloaded end slip is the difference between the longirudinal displacements of the 
node on the perimeter of the unloaded end of the bar at the location of the 90° crack 
plane and the two nodes on the 90° crack plane at the perimeter of the bar. All of the 
nodes used to calculate unloaded end slip are initially coincident. 
The loaded end slip curves for each model are very similar to the load-
displacement curves for the same model. At a certain load, the value of loaded end 
slip is less than the bar displacement due to the deformation of the concrete 
substructure. As expected, the unloaded end slip curves are stiffer than the loaded 
end slip curves, especially for models with 3, 6, and 12 ribs. 
As shown in Table 7.4, all models with 2 in. (50.8 mm) cover produce higher 
values of loaded and unloaded end slip at peak load than the model with the same 
number of ribs and 1 in. (25.4 mm) cover. For the 3, 6, and 12 rib models, the 
difference in slip values at peak load between models with 1 and 2 in. (25.4 and 50.8 
mrn) cover is larger than for the 1 rib models. This occurs because the peak loads for 
the models with 3, 6, and 12 ribs and 2 in. (25.4 mm) cover occur after the initial drop 
in load, producing a much larger value of bar displacement at peak load than for the 
other models. 
Cracking Response: Load-crack width curves for the models are shown in 
Fig. 7.30. The crack width plotted is twice the lateral (x direction) displacement of 
the node on the concrete substructure at the intersection of the plane of symmetry, the 
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front face of the model, and the top surface of the model. Crack widths at peak load 
are given in Table 7.4. 
As shown in Fig. 7.30, models with 1 in. (25.4 mm) cover produce larger 
crack widths at a given load than the models with the same number of ribs and 2 in. 
(50.8 mm) cover. After the initial drop in load, crack widths increase more rapidly 
than before the initial drop in load as additional displacement is applied to the end of 
the bar. For all models, the crack width corresponding to the initial peak load is 
smaller in the 2 in. (50.8 mm) cover model than in the 1 in. (25.4 mm) cover model 
with the same number of ribs. 
As shown in Table 7.4, the models in which the peak load occurs before the 
initial drop in load [all models with 1 in. (25.4 mm) cover and the 1 rib model with 2 
in. (50.8 mm) cover] produce crack widths at peak load ranging from 0.0064 to 
0.0078 in. (0.163 to 0.198 mm). The models in which the peak load occurs after the 
initial drop in load [the 3, 6, and 12 rib models with 2 in. (50.8) cover] produce much 
larger crack widths at peak load that range from 0.0147 to 0.0159 in. (0.373 to 0.404 
mm). 
The dominant splitting plane for all models develops along the vertical plane 
of symmetry. As the vertical crack plane begins to dominate near the initial peak 
load, other crack planes also begin to open. 
For the 3, 6, and 12 rib models with 2 in. (50.8 mm) cover, the deformed 
shape at the initial peak load, shown in Fig. 7.3la for the model with 6 ribs, shows 
that splitting has occurred along the vertical plane of symmetry, while the 90° crack 
plane is just beginning to open. The deformed shape at the peak load, shown in Fig. 
7.31 b, shows that significant additional splitting has occurred along the vertical plane 
and that the 90° crack plane has continued to open. 
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For all models with 1 in. (25.4 mm) cover and the 1 rib model with 2 in. (50.8 
mm) cover, the deformed shape at the peak load, shown in Fig. 7.32a for the 6 rib 
model with I in. (25.4 mm) cover, is very similar to the deformed shape for the initial 
peak load of the 6 rib model with 2 in. (50.8 mm) cover (Fig. 7.3la). However, as 
shown in Fig. 7.32b for a bar displacement of 0.012 in. (0.305 mm), as the 
displacement at the end of the bar is increased for these models, the 45° crack plane 
begins to open, while the 90° crack plane closes. This may explain why these models 
did not produce a higher peak load after the initial drop in load occurs, because less 
force is required to split the 45° crack plane, compared to the 90° crack plane. 
7.4.3 Evaluation 
The results for the multiple-rib models discussed in section 7 .4.2 provides 
insight into some of the observations from the analysis of the splice and development 
data on which the design equations in Chapter 3 are based. 
As mentioned in Chapters 3 and 6, the design criteria in Chapter 3 are based 
on the assumption that the relationship between bond strength and development 
length is linear, but not proportional. The peak load for each of the models, given in 
Table 7.4, is plotted as a function of the product of the development length, lct, and the 
cover to the center of the bar, cm + O.Sdb, in Fig. 7.33. This figure shows that the 
relationship between bond strength and lct( cm + 0.5db) is nearly linear. An 
extrapolation of the relationship in Fig. 7.33 shows that a substantial bond force 
should exist for lctCcm + 0.5db) = 0. Clearly, no bond force could be produced iflctCcm 
+ 0.5db) = 0, but these results show that the initial portion of the embedment length 
mobilizes a significant portion of the clamping force of the concrete. Increasing the 
embedment length, or number of ribs, mobilizes additional clamping force. However, 
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the increase is not in proportion to the increase in embedment length, which supports 
the asswnption used in the design criteria in Chapter 3. 
Although the relationship shown in Fig. 7.33 is nearly linear, bond strengths 
for larger values of lct( em + 0.5db) are slightly lower than expected based on the bond 
strengths for smaller values. In actual structures, crushing of the concrete in front of 
the ribs, which is not represented in the current study, would allow additional slip at 
the ribs where crushing occurs. This would result in an increase bond strength for 
larger embedment lengths, by producing a more uniform distribution of the clamping 
forces along bar, and a more linear relationship between bond strength and lct( em + 
0.5db) than that shown in Fig. 7.33. 
The design expression given in Eq. 3.13 includes a term that accounts for the 
observation that bond strength increases as the ratio of eM to em increases. An 
analysis of the stresses in the interface elements for the finite element models 
provides some insight as to why this may occur. 
Figs. 7.34a to 7.34c show the average normal stresses in the interface elements 
for each rib in the 3 rib model with 2 in. (50.8 mm) cover as a function of their 
position around the circwnference of the bar. The average stresses plotted are the 
average for all interface elements at each angle. The angles are defined in the same 
way as the crack planes shown in Fig. 7.13. 
The average normal stresses corresponding to a bar displacement of 0.0055 in. 
(0.140 mm) and a bar force of 18,339 lb (81.6 kN), a point on the ascending branch of 
the load-displacement curve prior to the initial drop in load, are shown in Fig. 7.34a. 
This figure shows that, for each rib, the normal stresses are nearly uniform around the 
perimeter of the bar. The stresses are slightly higher on rib 3 than on ribs I and 2, due 
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to splitting occurring near the front of the model and reducing the local clamping 
force applied by the concrete to the bar. 
The average normal stresses corresponding to a bar displacement of 0.0105 in. 
(0.267 mm) and a bar force of 30,888 lb (137.4 kN), the initial peak load for the 
model, are shown in Fig. 7.34b. This figure shows that normal stresses increase from 
rib 1 to rib 2 to rib 3, due to splitting near the front of the model, but are still fairly 
uniform around the perimeter of the bar. 
The average normal stresses corresponding to a bar displacement of 0. 0144 in. 
(0.366 mm) and a bar force of 32,711 lb (145.5 kN), the peak load for the model, are 
shown in Fig. 7.34c. At the peak load, normal stresses in the interface elements are 
highest on the top and bottom of the bar. This occurs because splitting has occurred 
on the vertical plane, allowing the concrete substructure to move laterally and 
reducing the stresses in the interface elements near 90°. However, there are still 
significant stresses in the interface elements on the top and bottom of the bar because 
the 90° crack plane is just beginning to open. It would be expected that if the cover 
along the 90° crack plane were decreased, more splitting would occur on this plane 
and the stresses at the top and bottom of the bar would be reduced. This would result 
in a decrease in the total force in the bar as eM/em decreases, which supports the use 
of the term related to eM/em in Eq. 3.13. 
CHAPTER 8: SUMMARY AND CONCLUSIONS 
8.1 Summary 
The effects of deformation properties on the bond of steel reinforcing bars to 
concrete are studied using beam-end and splice tests. Development and splice length 
design equations that account for the effects of bar size, relative rib area, and epoxy 
coating on bond strength are presented. These design equations are applied to splices 
in actual structures to investigate both the economic and practical construction 
benefits resulting from the use of high relative rib area bars. Beams with continuous 
reinforcement are used to study the effects of relative rib area on the behavior of 
beams in which plastic hinges develop. The fundamental behavior of bond is studied 
using finite element analysis. 
Beam-end tests are used to investigate the effects of bar size, relative rib area, 
and the ratio of rib width (measured parallel to the longitudinal axis of the bar) to 
center-to-center rib spacing. Specimens both with and without transverse stirrups 
confining the test bar were used. Seventy-two specimens containing 5/8 and 1 in. (16 
and 25 mm) diameter bars with relative rib areas, Rro of 0.05, 0.1 0, and 0.20 were 
tested to investigate the effects of bar size and relative rib area on bond strength. 
Fifty-five specimens containing I in. (25 mm) bars with relative rib areas of0.10 and 
0.20 were tested to investigate the effects of the ratio of rib width to center-to-center 
rib spacing, Wr. For each value of Rr, the rib width was varied, while maintaining a 
constant center-to-center rib spacing, to produce values of Wr ranging from 0.182 to 
0.727. Twelve specimens containing 1 in. (25 mm) diameter threaded bars with a 
relative rib area of 0.28 were tested to investigate the bond performance of bars with 
an ultra-high relative rib area. 
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Splice tests are used to investigate the effects of bar size, relative rib area, 
epoxy coating, and the amount of transverse reinforcement confining the bars on 
splice strength. Thirty tests of beams containing No. 5 and No. 11 (16 and 36 mm) 
bars are combined with sixty-three tests of beams containing No. 8 (25 mm) bars 
reported by Idun and Darwin (1995) and Hester, Salamizavaregh, Darwin and 
McCabe (1991, 1993). The combined results include tests using bars with R, ranging 
from 0.065 to 0.140. Accurate splice strength equations that account for the effects of 
bar size, relative rib area, and epoxy coating on bond strength are presented. These 
equations are combined with a reliability-based strength reduction factor developed 
by Darwin, I dun, Zuo and Tholen (1995b) to arrive at design equations for splice and 
development lengths. The new design equations are applied to splices in a bridge and 
the lateral load resisting frame system of a building to investigate the economic and 
practical construction benefits resulting from the use of high R, bars. 
Six splice specimens containing 1 in. (25 mm) diameter threaded bars with a 
relative rib area of 0.28 were tested to investigate the splice strength of bars with an 
ultra-high relative rib area. The main test parameters include (1) the degree of 
confinement provided by transverse reinforcement and (2) interlocking of the ribs. 
Four beam specimens containing continuous reinforcing bars were used to 
investigate the effects of R, on the rotational capacity of beams in which plastic 
hinges develop. Two specimens containing conventional No. 8 (25 mm) bars (R, = 
0.069) and two specimens containing high relative rib area No. 8 (25 mm) bars (R, = 
0.119) were tested. 
Finite element models representing a portion of a beam-end specimen are used 
to gain insight into the fundamental behavior of bond that could aid in the 
development of a rational, rather than empirical, model for predicting bond strength. 
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All of the key elements of bond are represented. Various cross-sectional shapes for 
the reinforcing bar and multiple crack planes that radiate from the bar are investigated 
to determine the configuration that best represents a round bar. 
8.2 Observations and Conclusions 
The following observations and conclusions are based on the results and 
analyses presented in this report. 
8.2.1 Beam-End Tests 
1. Under all conditions of confinement, bond strength increases with an 
increase in bar diameter. 
2. Bond strength increases when transverse reinforcement is added, 
compared to the bond strength of bars without transverse reinforcement. 
The amount of the increase in bond strength due to transverse 
reinforcement increases with an increase in bar diameter and relative rib 
area, independent of the specific combination of rib height and spacing. 
3. The width of the longitudinal splitting crack that accompanies bar slip is 
not affected by rib height prior to specimen failure. Therefore, rib heights 
for commercially produced bars do not need to be limited due to concerns 
about increased crack width in reinforced concrete members. 
4. The width of the longitudinal splitting crack that accompanies bar slip 
increases with an increase in relative rib area, due to the greater wedging 
action provided by bars with higher relative rib areas. 
5. Bond strength decreases when the ratio of rib width to center-to-center rib 
spacing is greater than 0.66 and 0.45 for specimens without and with 
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transverse reinforcement, respectively. Therefore, rib widths for 
commercially produced bars should be limited to no greater than 45% of 
the center-to-center rib spacing. 
8.2.2 Splice Tests 
I. The splice strength of uncoated bars not confined by transverse 
reinforcement does not appear to be affected by deformation pattern for 
bars with relative rib areas ranging from 0.065 to 0.140. 
2. The splice strength of bars confmed by transverse reinforcement increases 
with an increase in the relative rib area of the spliced bars. 
3. The splice strength of bars confined by transverse reinforcement increases 
with an increase in the diameter of the spliced bars. 
4. The increase in splice strength provided by transverse reinforcement is 
influenced by the properties of the coarse aggregate used in the concrete. 
For a given concrete compressive strength, higher strength coarse 
aggregates provide higher bond strengths. 
5. Epoxy coating appears to have a less detrimental effect on the splice 
strength of high relative rib area bars than on the splice strength of 
conventional bars. 
8.2.3 Splice Tests of Ultra-High Relative Rib Area Bars 
I. The splice strength of ultra-high relative rib area bars not confined by 
transverse reinforcement may be up to I 0% higher than that of 
conventional bars. However, more tests are needed to determine if this 
apparent increase is real or the result of experimental scatter. 
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2. The splice strength of ultra-high relative rib area bars confined by 
transverse reinforcement increases significantly if the ribs are allowed to 
interlock. 
8.2.4 Moment-Rotation Tests 
I. For beams with continuous reinforcement, the relative rib area of the 
reinforcing bar does not appear to effect the distribution of flexural cracks 
for beams in which plastic hinges develop. 
2. For beams with continuous reinforcement, the relative rib area of the 
reinforcing bar does not appear to effect the displacement or rotational 
capacity of beams in which plastic hinges develop. 
8.2.5 Splice Length Comparisons and Estimated Material Savings 
I. The use of reinforcing bars with an average relative rib area of 0.1275 
(minimum R, = 0.12) can provide up to a 26% decrease in splice length 
for uncoated bars and up to a 42% decrease in splice length for epoxy-
coated bars compared to conventional reinforcement. The savings 
obtainable with the high relative rib area bars are highest for low covers 
and bar spacings and high amounts of confining transverse reinforcement. 
The reduction in splice length decreases with increases in cover and bar 
spacing and decreases in transverse reinforcement. The relative savings 
with high R, bars also decreases for high levels of confinement that result 
in bar pullout rather than concrete splitting governing bond strength. 
2. Even when transverse reinforcement confining the splice is not present, 
the use of high relative rib area epoxy-coated bars can provide up to a 
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23% decrease in splice length compared to conventional epoxy-coated 
bars. 
3. The shorter development and splice lengths necessary for high R, bars 
reduce steel congestion, resulting in practical construction, as well as 
economic, benefits compared to conventional bars. 
4. For uncoated No. 6 (19 mm) and smaller bars without transverse 
reinforcement, splice lengths obtained using Eq. 3.14 (the more 
conservative of the two design equation presented in Chapter 3) can range 
from 18% shorter to 56% longer than Class A splice (or development) 
lengths obtained using the ACI 318-95 criteria and from 37% shorter to 
20% longer than Class B splice lengths obtained using the ACI 318-95 
criteria. For uncoated No. 7 (22 mm) and larger bars without transverse 
reinforcement, splice lengths obtained using Eq. 3.14 can range from 
34% shorter to 25% longer than Class A splice (or development) lengths 
obtained using the ACI 318-95 criteria and from 50% to 4% shorter than 
Class B splice lengths obtained using the ACI 318-95 criteria. A 
comparison with test data shows that the shorter splice lengths obtained 
using ACI 318-95 correspond to increasingly unconservative estimates of 
bond strength as lidb increases, especially for small bars. 
5. For typical splice configurations, the design criteria presented in Chapter 
3 produce significant reductions in splice length. Compared to designs 
using the ACI 318-95 criteria, splice lengths obtained using Eqs. 3.13 and 3.14: 
a. average 26% and 21% shorter and produce 0.93% and 0.50% 
reductions in total steel weight, respectively, for conventional bars in 
the bridge structure investigated. 
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b. average 35% and 31% shorter and produce 1.35% and 1.01% 
reductions in total steel weight, respectively, for high R, bars in the 
bridge structure investigated. 
c. average 21% and 18% shorter and produce 1.27% and 1.06% 
reductions in total steel weight, respectively, for conventional bars in 
the building structure investigated. 
d. average 28% and 25% shorter and produce 1.51% and 1.35% 
reductions in total steel weight, respectively, for high R, bars in the 
building structure investigated. 
8.2.6 Finite Element Studies 
1. Of the configurations investigated, a bar with a 16-sided cross section and 
potential cracking planes at 45° intervals provides the best representation 
of a round bar. 
2. An increase in bond force and slip at the peak load results from an 
increase in cover. 
3. The relationship between bond strength and the product of embedded 
length and cover to the center of the bar is nearly linear. 
4. An increase in bond strength results from an increase in embedded length. 
However, the increase in bond strength is not in proportion to the increase 
in embedded length. 
8.3 Recommendations for Future Study 
Research at the University of Kansas investigating the effects of deformation 
pattern on the bond performance of reinforcing bars. is continuing. The current study 
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has addressed several key aspects related to bond performance, but further research is 
needed in the following areas. 
1. The bond performance of high relative rib area bars in high strength 
concrete. 
2. The bond performance of epoxy-coated bars in high strength concrete. 
3. The bond performance of high relative rib area bars when used as top-cast 
bars. 
4. The effects of unsymmetrical bar placement on bond strength. 
5. The effects of shear along the development or splice length on bond 
strength. 
6. The effects of splicing bars in multiple layers on splice strength. 
7. The bond performance of high relative rib area bars when subjected to 
cyclic loading. 
8. The effects of splice length and relative rib area on crack widths in beam 
specimens. 
9. Finite element analyses in which crushing of the concrete and transverse 
reinforcement are represented. 
10. Finite element analyses in which splices of reinforcing bars are modeled. 
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Table 2.1 
Test bar data 
Nominal Pattern Deformation Deformation Rib Relative W/** 
Bar Diam. Designation* Height Spacing Width** Rib Area 
(in.) (in.) (in.) (in.) 
1 Mll-8 0.050 0.263 0.050 0.200 0.190 
Ml2-8 0.050 0.525 0.100 0.100 0.190 
1 Ml3-8 0.050 1.050 0.200 0.050 0.190 
1 M21-8 0.075 0.403 0.075 0.200 0.186 
M22-8 O.Q75 0.806 0.150 0.100 0.186 
1 M23-8 O.Q75 1.613 0.300 0.050 0.186 
1 M31-8 0.100 0.550 0.100 0.200 0.182 
1 M32-8 0.100 1.100 0.200 0.100 0.182 
1 M33-8 0.100 2.200 0.400 0.050 0.182 
5/8 Mll-5 0.031 0.163 O.o31 0.200 0.190 
5/8 Ml2-5 O.o31 0.325 0.063 0.100 0.194 
5/8 Ml3-5 0.031 0.651 0.125 0.050 0.192 
5/8 M21-5 0.047 0.253 0.047 0.200 0.186 
5/8 M22-5 0.047 0.505 0.094 0.100 0.186 
5/8 M23-5 0.047 1.011 0.188 0.050 0.186 
5/8 M31-5 0.063 0.347 0.063 0.200 0.182 
5/8 M32-5 0.063 0.693 0.125 0.100 0.180 
5/8 M33-5 0.063 1.387 0.250 0.050 0.180 
Ml!A-8 0.050 0.263 0.153 0.200 0.582 
1 Ml2D-8 0.050 0.525 0.222 0.!00 0.423 
Ml2E-8 0.050 0.525 0.325 0.100 0.619 
1 M31D-8 0.100 0.550 0.185 0.200 0.336 
M3IE-8 0.100 0.550 0.310 0.200 0.564 
1 M32B-8 0.100 1.100 0.500 0.100 0.455 
1 M32C-8 0.100 1.100 0.800 0.100 0.727 
T-8 0.065 0.250 0.284 
• Pattern Designation: 1. Machined bars (MHXA-D) 2. 1breaded bars (T-D) 
H =deformation height: I = low, 2 =medium, 3 =high 
X = rib spacing: I = small, 2 = medium, 3 = large 
A= rib width designation (blank, A, B, C, D or E) 
D = nominal bar diameter in 1/8 in. 
** Rib width parallel to the longitudinal axis of the bar measured at the top of the ribs 
*** W, = rib width ratio = ratio of rib width to center-to-center spacing of deformations 
1 in.= 25.4 mm 
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Table 2.2 
Concrete mix proportions (lb/yd3) and properties 













Ratio Agg.* Agg.** Temp. Cont. Age Strength 
(oz) (in.) (F) (%) (days) (psi) 
0.41 550 225 1564 !588 0 4.00 75 2.3 17 4900 
0.36 582 208 1575 1608 3 1.25 88 3.3 7 5440 
0.36 582 208 1575 !608 3 2.25 62 4.0 18 5440 
0.36 582 208 1575 !608 3 2.00 69 4.8 8 4910 
0.36 582 208 1575 1608 3 1.75 54 3.0 7 5360 
0.36 582 208 1575 !608 3 2.75 57 2.8 7 4760 
0.36 582 208 1575 1608 3 1.75 59 2.5 5 4890 
0.36 582 208 1575 1608 3 2.00 72 3.2 7 5130 
8 5380 
Kansas River Sand - Lawrence Sand Co., Lawrence, KS 
Bulk Specific Gravity (SSD) = 2.62; Absorption= 0.5%; Fineness Modulus= 2.89 
Crushed Limestone- Fogel's Quarry, Ottawa, KS 
Bulk Specific Gravity (SSD) = 2.58; Absorption= 2. 7%; Max. Size= 3/4 in.; 
Unit Weight= 90.5 lb/ft3 
Water Reducer per I 00 lb Cement 
I in.= 25.4 mm; I lb = 4.45 N; I lb/ft3 = 21.97 g/m3; I lb/yd3 = 0.5933 kg/m
3
; 
I oz = 29.57 cm3; l psi= 6.89 kPa 
Table 2.3 
Beam-end specimen properties and test results 
Spec. Rib Relative W r* * Bonded Cover Concrete Stirrups Just Before Failure At Failure Crack Wid. 
Label* Ht. Rib Area Length Strength Bond Mod. Crack Bond Mod. Crack After 
Slr. Bond Str. 
+ 
Width Str. Bond Str+ Width Failure 
++ 
(in.) (in.) (in.) (psi) (kips) (kips) (mils) (kips) (kips) (mils) (in.) 
Bar Size Study Specimens 
6MII-5N 0.03 0.20 0.190 7.5 2.000 4910 16.73 16.80 9.00 16.73 16.81 9.93 0.059 
IOM11-5N O.Q3 0.20 0.190 7.5 2.125 5130 17.88 17.77 6.72 17.89 17.77 7.77 0.065 
AVG. 17.30 17.28 7.86 17.31 17.29 8.85 0.062 
6M12-5N O.Q3 0.10 0.194 7.5 2.125 4910 16.88 16.96 4.31 16.91 16.98 4.59 0.078 
IOM12-5N 0.03 0.10 0.194 7.5 2.125 5130 16.88 16.77 3.62 16.90 16.79 4.50 0.086 
AVG. 16.88 16.86 3.97 16.91 16.89 4.54 0.082 
6M13-5N O.o3 0.05 0.192 7.5 2.063 4910 16.97 17.04 2.36 17.00 17.08 2.78 0.060 -IOM13-5N 0.03 0.05 0.192 7.5 2.125 5130 18.30 18.18 3.80 18.31 18.20 4.19 0.056 .,. 0\ 
AVG. 17.63 17.61 3.08 17.66 17.64 3.49 0.058 
6M21-5N 0.05 0.20 0.186 7.5 2.063 4910 16.08 16.15 6.74 16.10 16.18 7.72 0.093 
10M21-5N 0.05 0.20 0.186 7.5 2.125 5130 18.58 18.46 6.04 18.60 18.48 7.09 0.084 
AVG. 17.33 17.30 6.39 17.35 17.33 7.40 0.089 
6M22-5N 0.05 0.10 0.186 7.5 2.063 4910 18.90 18.99 3.93 18.93 19.01 4.38 0.094 
IOM22-5N 0.05 0.10 0.186 7.5 2.000 5130 17.37 17.26 4.86 17.39 17.28 5.89 0.094 
AVG. 18.14 18.12 4.40 18.16 18.14 5.13 0.094 
6M23-5N 0.05 0.05 0.186 7.5 2.000 4910 17.63 17.71 1.87 17.65 17.73 2.37 0.056 
IOM23-5N 0.05 0.05 0.186 7.5 2.125 5130 18.38 18.26 2.68 18.39 18.28 5.77 0.075 
AVG. 18.00 17.99 2.28 18.02 18.00 4.07 0.065 
6M31-5N 0.06 0.20 0.182 7.5 2.000 4910 18.26 18.34 14.94 18.27 18.35 16.50 0.104 
IOM31-5N 0.06 0.20 0.182 7.5 2.063 5130 17.82 17.70 9.63 17.82 17.70 10.67 0.086 
AVG. 18.04 18.02 12.28 18.04 18.03 13.59 0.095 
Table 2.3 
Beam-end specimen properties and test results (continued) 
Spec. Rib Relative W,** Bonded Cover Concrete Stirrups Just Before Failure At Failure Crack Wid. 
Label* llt. Rib Area Length Strength Bond Mod. Crack Bond Mod. Crack Atler 
Str. Bond Str.+ Width Str. Bond Str! Width Failure 
++ 
(in.) (in.) (in.) (psi) (kips) (kips) (mils) (kips) (kips) (mils) (in.) 
6M32-5N 0.06 0.10 0.180 7.5 2.063 4910 16.06 16.14 4.42 16.08 16.15 5.18 0.167 
10M32-5N 0.06 0.10 0.180 7.5 2.125 5130 18.81 18.68 7.88 18.81 18.69 8.38 0.109 
AVG. 17.43 17.41 6.15 17.45 17.42 6.78 0.138 
6M33-5N 0.06 0.05 0.180 7.5 2.125 4910 15.34 15.41 1.86 15.35 15.41 2.07 0.131 
IOM33-5N 0.06 0.05 0.180 7.5 2.000 5130 17.21 17.10 3.63 17.21 17.10 4.19 0.069 
AVG. 16.27 16.25 2.74 16.28 16.26 3.13 0.100 
7MII-5S O.Q3 0.20 0.190 7.5 2.125 5360 3- No.3 25.45 25.01 14.38 25.46 25.02 15.09 0.150 
9M11-5S 0.03 0.20 0.190 7.5 2.063 4890 3- No.3 25.64 25.79 15.77 25.64 25.79 16.28 0.140 
~ 
AVG. 25.55 25.40 15.07 25.55 25.40 15.69 0.145 
.,. 
-...) 
7MI2-5S 0.03 0.10 0.194 7.5 2.000 5360 3- No.3 25.66 25.22 10.27 25.67 25.23 10.79 0.106 
9MI2-5S 0.03 0.10 0.194 7.5 2.063 4890 3- No.3 25.16 25.30 12.04 25.18 25.32 12.76 0.152 
AVG. 25.41 25.26 11.15 25.43 25.28 11.78 0.129 
7M13-5S 0.03 0.05 0.192 7.5 2.063 5360 3- No.3 22.67 22.28 10.52 22.69 22.29 10.97 0.118 
9MI3-5S 0.03 0.05 0.192 7.5 2.000 4890 3- No.3 21.55 21.67 9.41 21.56 21.68 9.82 0.087 
AVG. 22.11 21.98 9.97 22.12 21.99 10.40 0.103 
7M21-5S 0.05 0.20 0.186 7.5 2.063 5360 3- No.3 26.44 25.99 29.89 26.45 26.00 30.62 0.284 
9M21-5S 0.05 0.20 0.186 7.5 2.000 4890 3- No.3 25.64 25.79 48.97 25.65 25.79 49.94 0.116 
AVG. 26.D4 25.89 39.43 26.05 25.89 40.28 0.200 
7M22C5S 0.05 0.10 0.186 7.5 2.063 5360 3- No.3 24.78 24.35 14.07 24.78 24.35 14.51 0.176 
9M22-5S 0.05 0.10 0.186 7.5 1.875 4890 3- No.3 25.06 25.19 11.85 25.07 25.21 12.59 0.199 
AVG. 24.92 24.77 12.96 24.92 24.78 13.55 0.188 
7M23-5S 0.05 0.05 0.186 7.5 2.000 5360 3- No.3 23.04 22.64 8.63 23.06 22.66 9.10 0.129 
9M23-5S 0.05 0.05 0.186 7.5 2.125 4890 3- No.3 21.78 21.90 7.41 21.78 21.90 7.95 0.172 
AVG. 22.41 22.27 8.02 22.42 22.28 8.52 0.150 
Table 2.3 
Beam-end specimen properties and test results {continued) 
Spec. Rib Relative W,** Bonded Cover Concrete Stirrups Just Before Failure 
Label* Ht. Rib Area Length Strength Bond Mod. Crack Bond 
Str. Bond Str! Width Str. 
(in.) (in.) (in.) (psi) (kips) (kips) (mils) (kips) 
7M31-5S 0.06 0.20 0.182 7.5 2.063 5360 3- No.3 26.20 25.75 9.36 26.22 
9M31-5S 0.06 0.20 0.182 7.5 2.000 4890 3- No.3 26.09 26.24 20.43 26.11 
AVG. 26.15 26.00 14.90 26.16 
7M32-5S 0.06 0.10 0.180 7.5 2.000 5360 3- No.3 24.04 23.62 11.83 24.05 
9M32-5S 0.06 0.10 0.180 7.5 2.125 4890 3- No.3 25.43 25.57 13.83 25.44 
AVG. 24.73 24.60 12.83 24.74 
7M33-5S 0.06 0.05 0.180 7.5 2.125 5360 3- No.3 23.40 22.99 14.03 23.42 
9M3J-5S 0.06 0.05 0.180 7.5 2.063 4890 3- No.3 21.59 21.71 11.61 21.59 
AVG. 22.49 22.35 12.82 22.50 
6M11-8N 0.050 0.20 0.190 7.5 2.250 4910 17.57 17.65 5.58 17.58 
10M11-8N 0.050 0.20 0.190 7.5 2.063 5130 21.80 21.66 7.49 21.80 
AVG. 19.68 19.65 6.54 19.69 
6M12-8N 0.050 0.10 0.190 7.5 2.000 4910 20.46 20.56 5.20 20.49 
10M12-8N 0.050 0.10 0.190 7.5 2.125 5130 18.44 18.32 8.75 18.46 
AVG. 19.45 19.44 6.98 19.47 
6M13-8N 0.050 0.05 0.190 7.5 2.125 4910 19.68 19.77 3.11 19.71 
IOMI3-8N 0.050 0.05 0.190 7.5 2.125 5130 20.35 20.22 4.26 20.36 
AVG. 20.01 19.99 3.69 20.04 
6M21-8N 0.075 0.20 0.186 7.5 2.188 4910 18.81 18.90 3.86 18.82 
10M21-8N 0.075 0.20 0.186 7.5 2.063 5130 20.18 20.05 5.34 20.22 
AVG. 19.49 19.47 4.60 19.52 
6M22-8N 0.075 0.10 0.186 7.5 2.000 4910 19.07 19.16 4.77 19.07 
IOM22-8N 0.075 0.10 0.186 7.5 2.063 5130 18.22 18.10 4.94 18.25 
AVG. 18.65 18.63 4.86 18.66 
At Failure 
Mod. Crack 

























































Beam-end specimen properties and test results (continued) 
Spec. Rib Relative W, ** Bonded Cover Concrete Stirrups Just Before Failure 
Label* Ht. Rib Area Length Strength Bond Mod. Crack Bond 
Str. Bond Str+ Width Str. 
(in.) (in.) (in.) (psi) (kips) (kips) (mils) (kips) 
6M23-8N O.o75 0.05 0.186 7.5 !.938 4910 19.66 19.75 1.24 19.67 
IOM23-8N 0.075 0.05 0.186 7.5 2.063 5130 16.95 16.84 3.08 16.99 
AVG. 18.30 18.29 2.16 18.33 
6M31-8N 0.100 0.20 0.182 7.5 1.875 4910 18.02 18.10 4.81 18.03 
IOM31-8N 0.100 0.20 0.182 7.5 2.188 5130 22.53 22.38 7.40 22.54 
AVG. 20.27 20.24 6.10 20.28 
6M32-8N 0.100 0.10 0.182 7.5 2.000 4910 20.27 20.37 3.86 20.29 
IOM32-8N 0.100 0.10 0.182 7.5 2.063 5130 21.26 21.12 2.89 21.27 
AVG. 20.76 20.74 3.37 20.78 
6M33-8N 0.100 0.05 0.182 7.5 2.125 4910 19.55 19.64 4.40 19.56 
IOM33-8N 0.100 0.05 0.182 7.5 2.125 5130 18.46 18.34 3.61 18.49 
AVG. 19.00 18.99 4.01 19.02 
7MII-8S 0.050 0.20 0.190 7.5 2.063 5360 3- No.3 28.47 27.98 2.51 28.51 
9MII-8S 0.050 0.20 0.190 7.5 2.063 4890 3- No.3 29.09 29.25 8.48 29.10 
AVG. 28.78 28.61 5.49 28.80 
7Ml2-8S 0.050 0.10 0.190 7.5 2.125 5360 3- No.3 29.33 28.82 4.93 29.34 
9MI2-8S 0.050 0.10 0.190 7.5 2.063 4890 3- No.3 27.39 27.54 8.99 27.40 
AVG. 28.36 28.18 6.96 28.37 
7MI3-8S 0.050 0.05 0.190 7.5 2.188 5360 3- No.3 26.16 25.71 6.88 26.17 
9M13-8S 0.050 0.05 0.190 7.5 2.063 4890 3- No.3 26.20 26.35 15.68 26.26 
AVG. 26.18 26.03 11.28 26.22 
7M21-8S 0.075 0.20 0.186 7.5 2.188 5360 3- No.3 29.20 28.69 8.60 29.20 
9M21-8S 0.075 0.20 0.186 7.5 2.125 4890 3- No.3 28.15 28.31 10.36 28.16 




























































Spec. Rib Relative 
Label* Ht. Rib Area 
(in.) 
7M22-8S O.Q75 0.10 
9M22-8S 0.075 0.10 
AVG. 
7M23-8S 0.075 0.05 
9M23-8S O.Q75 0.05 
AVG. 
7M31-8S 0.100 0.20 
9M31-8S 0.100 0.20 
AVG. 
7M32-8S 0.100 0.10 
9M32-8S 0.100 0.10 
AVG. 
7M33-8S 0.100 0.05 
9M33-8S 0.100 0.05 
AVG. 
Rib Width Study Specimens 
2MII-8N 0.050 0.20 
4MI1-8N 0.050 0.20 
AVG. 
2M11A-8N 0.050 0.20 
4M11A-8N 0.050 0.20 
AVG. 
Table 2.3 
Beam-end specimen properties and test results (continued) 
Wr** Bonded Cover Concrete Stirrups Just Before Failure 
Length Strength Bond Mod. Crack Bond 
Str. Bond Str. 
+ 
Width Str. 
(in.) (in.) (psi) (kips) (kips) (mils) (kips) 
0.186 7.5 2.063 5360 3- No.3 27.76 27.28 12.43 27.77 
0.186 7.5 1.938 4890 3- No.3 30.39 30.56 10.04 30.41 
29.08 28.92 11.24 29.09 
0.186 7.5 2.063 5360 3- No.3 26.06 25.61 10.21 26.08 
0.186 7.5 2.000 4890 3- No.3 25.96 26.11 7.59 25.97 
26.01 25.86 8.90 26.03 
0.182 7.5 2.063 5360 3- No.3 28.27 27.78 10.77 28.27 
0.182 7.5 1.938 4890 3- No.3 31.54 31.71 12.07 31.56 
29.90 29.75 11.42 29.91 
0.182 7.5 1.938 5360 3- No.3 29.13 28.63 8.94 29.15 
0.182 7.5 2.125 4890 3- No.3 27.35 27.50 11.91 27.36 
28.24 28.07 10.42 28.26 
0.182 7.5 2.188 5360 3- No.3 27.17 26.70 6.44 27.18 
0.182 7.5 2.000 4890 3- No.3 27.25 27.40 4.56 27.26 
27.21 27.05 5.50 27.22 
0.190 12.0 2.188 4900 29.77 29.92 2.27 29.89 
0.190 12.0 1.938 5440 27.30 26.73 11.90 27.30 
28.54 28.33 7.09 28.60 
0.582 12.0 2.250 4900 29.00 29.15 2.88 29.21 
0.582 12.0 1.938 5440 28.02 27.44 3.74 28.04 
28.51 28.29 3.31 28.63 
At Failure 
Mod. Crack 




28.93 1 1.97 
















































Beam-end specimen properties and test results (continued) 
Spec. Rib Relative W r' * Bonded Cover Concrete Stirrups Just Before Failure 
Label* Ht. Rib Area Length Strength Bond Mod. Crack Bond 
Str. Bond Str.+ Width Str. 
(in.) (in.) (in.) (psi) (kips) (kips) (mils) (kips) 
2M12-8N 0.050 0.10 0.190 12.0 2.125 4900 31.49 31.65 4.25 31.61 
4M12-8N 0.050 0.10 0.190 12.0 2.125 5440 26.53 25.98 8.00 26.53 
AVG. 29.01 28.81 6.13 29.07 
2MI2D-8N 0.050 0.10 0.423 12.0 2.125 4900 29.29 29.44 2.88 29.31 
4M12D-8N 0.050 0.10 0.423 12.0 2.000 5440 29.94 29.32 6.18 29.96 
AVG. 29.62 29.38 4.53 29.64 
2M12E-8N 0.050 0.10 0.619 12.0 2.125 4900 29.44 29.59 3.69 29.56 
4MI2E-8N 0.050 0.10 0.619 12.0 2.125 5440 28.05 27.46 4.81 28.06 
AVG. 28.75 28.53 4.25 28.81 
2M31-8N 0.100 0.20 0.182 12.0 2.125 4900 29.18 29.33 3.13 29.29 
4M31-8N 0.100 0.20 0.182 12.0 1.938 5440 25.61 25.08 4.40 25.62 
AVG. 27.40 27.20 3.77 27.46 
2M31D-8N 0.100 0.20 0.336 12.0 2.125 4900 27.41 27.55 5.14 27.51 
4M31D-8N 0.100 0.20 0.336 12.0 1.875 5440 26.53 25.98 12.60 26.56 
AVG. 26.97 26.76 8.87 27.Q4 
2M31E-8N 0.100 0.20 0.564 12.0 2.125 4900 30.05 30.20 3.30 30.16 
4M31E-8N 0.100 0.20 0.564 12.0 2.063 5440 25.86 25.32 6.07 25.86 
AVG. 27.96 27.76 4.69 28.01 
2M32-8N 0.100 0.10 0.182 12.0 2.125 4900 32.99 33.16 7.14 33.12 
4M32-8N 0.100 0.10 0.182 12.0 2.188 5440 28.07 27.48 7.04 28.07 
AVG. 30.53 30.32 7.09 30.60 
2M32B-8N 0.100 0.10 0.455 12.0 2.063 4900 30.69 30.85 4.83 30.78 
4M32B-8N 0.100 0.10 0.455 12.0 2.250 5440 29.03 28.42 6.82 29.03 
AVG. 29.86 29.63 5.83 29.91 
At Failure 
Mod. Crack 

























































Spec. Rib Relative 
Label* Ht. Rib Area 
(in.) 
2M32C-8N 0.100 0.10 
4M32C-8N 0.100 0.10 
AVG. 
5M11-8S 0.050 0.20 
8M11-8S 0.050 0.20 
10M11-8S 0.050 0.20 
AVG. 
5M11A-8S 0.050 0.20 
8M11A-8S 0.050 0.20 
10M11A-8S 0.050 0.20 
AVG. 
5M12-8S 0.050 0.10 
8M12-8S 0.050 0.10 
10M12-8S 0.050 0.10 
AVG. 
5M12D-8S 0.050 0.10 
8M12D-8S 0.050 0.10 
10M12D-8S 0.050 0.10 
AVG. 
5M12E-8S 0.050 0.10 
8M12E-8S 0.050 0.10 
10M12E-8S 0.050 0.10 
AVG. 
Table 2.3 
Beam-end specimen properties and test results (continued) 
W r * * Bonded Cover Concrete Stirrups Just Before Failure 
Length Strength Bond Mod. Crack Bond 
Str. Bond Str+ Width Str. 
(in.) (in.) (psi) (kips) (kips) (mils) (kips) 
0.727 12.0 2.125 4900 30.89 31.05 2.50 31.15 
0.727 12.0 2.250 5440 23.90 23.40 0.39 23.92 
27.40 27.22 1.45 27.54 
0.190 12.0 2.125 5440 4- No.3 45.67 44.72 41.49 45.69 
0.190 12.0 2.063 4760 4- No.3 47.57 48.16 17.95 47.58 
0.190 12.0 2.125 5380 4- No.3 48.25 47.37 22.Q4 48.25 
47.16 46.75 27.16 47.17 
0.582 12.0 2.188 5440 4- No.3 41.93 41.06 12.10 41.93 
0.582 12.0 2.125 4760 4- No.3 44.05 44.59 16.42 44.07 
0.582 12.0 2.125 5380 4- No.3 41.77 41.01 6.82 41.80 
42.58 42.22 11.78 42.60 
0.190 12.0 2.125 5440 4- No.3 46.64 45.67 28.47 46.67 
0.190 12.0 2.063 4760 4- No.3 45.41 45.97 16.40 45.43 
0.190 12.0 2.000 5380 4- No.3 47.74 46.87 16.96 47.76 
46.60 46.17 20.61 46.62 
0.423 12.0 2.063 5440 4- No.3 43.75 42.84 21.96 43.75 
0.423 12.0 2.188 4760 4- No.3 45.61 46.17 17.65 45.61 
0.423 12.0 2.188 5380 4- No.3 45.83 45.00 20.51 45.84 
45.06 44.67 20.Q4 45.07 
0.619 12.0 2.125 5440 4- No.3 39.47 38.65 13.53 39.47 
0.619 12.0 2.250 4760 4- No.3 43.16 43.69 12.65 43.17 
0.619 12.0 2.188 5380 4- No.3 41.79 41.03 8.70 41.81 




























































Beam-end specimen properties and test results (continued) 
Spec. Rib Relative Wr** Bonded Cover Concrete Stirrups Just Before Failure 
Label* Ht. Rib Area Length Strength Bond Mod. Crack Bond 
Str. Bond Str.+ Width Str. 
(in.) (in.) (in.) (psi) (kips) (kips) (mils) (kips) 
5M31-8S 0.100 0.20 0.182 12.0 2.063 5440 4- No.3 47.85 46.85 32.33 47.87 
8M31-8S 0.100 0.20 0.182 12.0 2.063 4760 4- No.3 49.04 49.64 27.70 49.05 
10M31·8S 0.100 0.20 0.182 12.0 2.188 5380 4- No.3 50.99 50.06 30.84 50.99 
AVG. 49.29 48.85 30.29 49.30 
5M31D-8S 0.100 0.20 0.336 12.0 2.000 5440 4- No.3 47.94 46.94 27.07 47.96 
8M31D-8S 0.100 0.20 0.336 12.0 2.000 4760 4- No.3 48.96 49.56 27.35 48.97 
1 OM31D-8S 0.100 0.20 0.336 12.0 2.125 5380 4- No.3 49.13 48.24 13.75 49.15 
AVG. 48.67 48.25 22.72 48.69 
5M31E-8S 0.100 0.20 0.564 12.0 2.125 5440 4- No.3 42.89 42.00 10.24 42.90 
8M31E-8S 0.100 0.20 0.564 12.0 2.063 4760 4- No.3 45.75 46.32 16.91 45.77 
10M31E-8S 0.100 0.20 0.564 12.0 2.125 5380 4- No.3 47.98 47.11 21.82 48.00 
AVG. 45.54 45.14 16.32 45.56 
5M32-8S 0.100 0.10 0.182 12.0 2.188 5440 4- No.3 43.59 42.68 24.09 43.60 
8M32-8S 0.100 0.10 0.182 12.0 2.063 4760 4- No.3 48.33 48.93 19.18 48.34 
10M32-8S 0.100 0.10 0.182 12.0 2.188 5380 4- No.3 49.68 48.78 26.98 49.70 
AVG. 47.20 46.80 23.42 47.21 
5M32B-8S 0.100 0.10 0.455 12.0 2.000 5440 4- No.3 43.97 43.05 17.57 43.99 
8M32B-8S 0.100 0.10 0.455 12.0 2.250 4760 4- No.3 46.52 47.09 15.06 46.53 
10M32B-8S 0.100 0.10 0.455 12.0 2.000 5380 4- No.3 47.25 46.39 15.69 47.27 
AVG. 45.91 45.51 16.11 45.93 
5M32C-8S 0.100 0.10 0.727 12.0 2.000 5440 4- No.3 36.15 35.40 10.97 36.16 
8M32C-8S 0.100 0.10 0.727 12.0 2.125 4760 4- No.3 41.90 42.41 11.08 41.91 
10M32C-8S 0.100 0.10 0.727 12.0 2.063 5380 4- No.3 40.19 39.46 2.76 40.19 
AVG. 39.41 39.09 8.27 39.42 
At Failure 
Mod. Crack 



























































Beam-end specimen properties and test results (continued) 
Spec. Rib Relative Wr** Bonded Cover Concrete Stirrups Just Before Failure 
Label* Ht. Rib Area Length Strength Bond Mod. Crack Bond 
Str. Bond Str.+ Width Str. 
(in.) (in.) (in.) (psi) (kips) (kips) (mils) (kips) 
Threaded Bar Study Specimens 
4T-12S-2A 0.07 0.284 N.M. 12.0 2.063 5440 4- No.3 52.53 51.43 35.52 52.55 
4T-12S-2B 0.07 0.284 N.M. 12.0 2.000 5440 4- No.3 51.10 50.03 18.65 51.11 
4T-12S-2C O.D? 0.284 N.M. 12.0 2.188 5440 4- No.3 52.99 51.88 29.36 52.99 
AVG. 52.21 51.12 27.84 52.22 
4T-12N-2A 0.07 0.284 N.M. 12.0 1.875 5440 29.69 29.07 N.M. 29.70 
4T-12N-2B 0.07 0.284 N.M. 12.0 1.938 5440 29.25 28.64 7.74 29.26 
4T-12N-2C 0.07 0.284 N.M. 12.0 2.000 5440 28.58 27.98 6.01 28.60 
AVG. 29.17 28.56 6.88 29.19 
4T-12N-3A 0.07 0.284 N.M. 12.0 2.875 5440 31.88 31.21 7.41 31.88 
4T-12N-3B 0.07 0.284 N.M. 12.0 2.875 5440 32.64 31.96 13.77 32.65 
4T-12N-3C 0.07 0.284 N.M. 12.0 2.813 5440 35.56 34.82 9.91 . 35.61 
AVG. 33.36 32.66 10.36 33.38 
4T-8.5N-3A 0.07 0.284 N.M. 8.5 2.938 5440 45.31 44.36 N.M. 45.32 
4T-8.5N-3B 0.07 0.284 N.M. 8.5 2.813 5440 44.62 43.69 N.M. 44.66 
4T-8.5N-3C 0.07 0.284 N.M. 8.5 2.750 5440 46.15 45.19 N.M. 46.18 
AVG. 45.36 44.41 45.39 
At Failure 
Mod. Crack 















































Beam-end specimen properties and test results (continued) 
Rib Relative W r * * Bonded Cover Concrete Stirrups I Just Before Failure 
Ht. Rib Area Length Strength Bond Mod. Crack Bond 
Str. Bond Str. 
+ 
Width Str. 
(in.) (in.) (in.) (psi) I (kips) (kips) (mils) (kips) 
Specimen Label: 1. Machined bars (GMHXA-DC) 2. Threaded bars (GT-BC-NR) 
G =group number (2, 4- 10) 
M = machined bar 
D =nominal bar diameter in 1/8 in. 
B =bonded length in in. (8.5 or 12) 
At Failure Crack Wid. 
Mod. Crack After 
Bond Str+ Width Failure 
++ 
(kips) (mils) (in.) 
T = threaded bar 
H = defonnation height: I =low, 2 =medium, 3 =high 
X = rib spacing: 1 = small, 2 =medium, 3 = large 
C = confinement: N = no transverse stirrups, S = transverse stirrups 
N = nominal cover in in. (2 or 3) 
R = replication mark: A, B or C 
A= rib width designation (blank, A, B, C, D or E) 
W, =rib width ratio= ratio of rib width to center-to-center spacing of defonnations 
Modified bond strength= bond strength (5000/f,)114 
N. M. =not measured 





Ratios of test to base bond strength 
Specimen Rib Rib Rib W** 
' 
Relative Stirrups Bond Test/Base 
Label* Height Spacing Width Rib Area Strength Bond Str. 
(in.) (in.) (in.) (kips) 
2Mll-8N 0.050 0.263 0.050 0.190 0.20 29.89 1.000 
4Mll-8N 0.050 0.263 0.050 0.190 0.20 27.30 1.000 
AVG. 28.60 1.000 
2MIIA-8N 0.050 0.263 0.153 0.582 0.20 29.21 0.977 
4MIIA-8N 0.050 0.263 0.153 0.582 0.20 28.04 1.027 
AVG. 28.63 1.002 
2MI2-8N 0.050 0.525 0.100 0.190 0.10 31.61 1.000 
4Ml2-8N 0.050 0.525 0.100 0.190 0.10 26.53 1.000 
AVG. 29.07 1.000 
2MI2D-8N 0.050 0.525 0.222 0.423 0.10 29.31 0.927 
4M12D-8N 0.050 0.525 0.222 0.423 0.10 29.96 1.129 
AVG. 29.64 1.028 
2MI2E-8N 0.050 0.525 0.325 0.619 0.10 29.56 0.935 
4MI2E-8N 0.050 0.525 0.325 0.619 0.10 28.06 1.058 
AVG. 28.81 0.996 
2M31-8N 0.100 0.550 0.100 0.182 0.20 29.29 1.000 
4M31-8N 0.100 0.550 0.100 0.182 0.20 25.62 1.000 
AVG. 27.46 1.000 
2M31D-8N 0.100 0.550 0.185 0.336 0.20 27.51 0.939 
4M31D-8N 0.100 0.550 0.185 0.336 0.20 26.56 1.037 
AVG. 27.04 0.988 
2M31E-8N 0.100 0.550 0.310 0.564 0.20 30.16 1.030 
4M31E-8N 0.100 0.550 0.310 0.564 0.20 25.86 1.009 
AVG. 28.01 1.020 
2M32-8N 0.100 1.100 0.200 0.182 0.10 33.12 1.000 
4M32-8N 0.100 1.100 0.200 0.182 0.10 28.07 1.000 
AVG. 30.60 1.000 
2M32B-8N 0.100 1.100 0.500 0.455 0.10 30.78 0.929 
4M32B-8N 0.100 1.100 0.500 0.455 0.10 29.03 1.034 
AVG. 29.91 0.982 
2M32C-8N 0.100 1.100 0.800 0.727 0.10 31.15 0.941 
4M32C-8N 0.100 1.100 0.800 0.727 0.10 23.92 0.852 
AVG. 27.54 0.896 
5MII-8S 0.050 0.263 0.050 0.190 0.20 4- No.3 45.69 1.000 
8MII-8S 0.050 0.263 0.050 0.190 0.20 4- No.3 47.58 1.000 
IOM11-8S 0.050 0.263 0.050 0.190 0.20 4- No.3 48.25 1.000 
AVG. 47.17 1.000 
5MIIA-8S 0.050 0.263 0.153 0.582 0.20 4- No.3 41.93 0.918 
8MI1A-8S 0.050 0.263 0.153 0.582 0.20 4- No.3 44.07 0.926 
10Ml!A-8S 0.050 0.263 0.153 0.582 0.20 4- No.3 41.80 0.866 
AVG. 42.60 0.903 
5MI2-8S 0.050 0.525 0.100 0.190 0.10 4- No.3 46.67 1.000 
8M12-8S 0.050 0.525 0.100 0.190 0.10 4- No.3 45.43 1.000 
IOMI2-8S 0.050 0.525 0.100 0.190 0.10 4~ No.3 47.76 1.000 
AVG. 46.62 1.000 
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Table 2.4 
Ratios of test to base bond strength (continued) 
Specimen Rib Rib Rib w•• 
' 
Relative Stirrups Bond Test/Base 
Label* Height Spacing Width Rib Area Strength Bond Str. 
(in.) (in.) (in.) (kips) 
5M12D-8S 0.050 0.525 0.222 0.423 0.10 4- No.3 43.75 0.937 
8M12D-8S 0.050 0.525 0.222 0.423 0.10 4- No.3 45.61 1.004 
10M12D-8S 0.050 0.525 0.222 0.423 0.10 4- No.3 45.84 0.960 
AVG. 45.07 0.967 
5M12E-8S 0.050 0.525 0.325 0.619 0.10 4- No.3 39.47 0.846 
8M12E-8S 0.050 0.525 0.325 0.619 0.10 4- No.3 43.17 0.950 
10M12E-8S 0.050 0.525 0.325 0.619 0.10 4- No.3 41.81 0.876 
AVG. 41.48 0.890 
5M31-8S 0.100 0.550 0.100 0.182 0.20 4- No.3 47.87 1.000 
8M31-8S 0.100 0.550 0.100 0.182 0.20 4- No.3 49.05 1.000 
10M31-8S 0.100 0.550 0.100 0.182 0.20 4- No.3 50.99 1.000 
AVG. 49.30 1.000 
5M3!D-8S 0.100 0.550 0.185 0.336 0.20 4- No.3 47.96 1.002 
8M3!D-8S 0.100 0.550 0.185 0.336 0.20 4- No.3 48.97 0.998 
IOM3!D-8S 0.100 0.550 0.185 0.336 0.20 4- No.3 49.15 0.964 
AVG. 48.69 0.988 
5M31E-8S 0.100 0.550 0.310 0.564 0.20 4- No.3 42.90 0.896 
8M31E-8S 0.100 0.550 0.310 0.564 0.20 4- No.3 45.77 0.933 
IOM31E-8S 0.100 0.550 0.310 0.564 0.20 4- No.3 48.00 0.941 
AVG. 45.56 0.924 
5M32-8S 0.100 1.100 0.200 0.182 0.10 4- No.3 43.60 1.000 
8M32-8S 0.100 1.100 0.200 0.182 0.10 4- No.3 48.34 1.000 
10M32-8S 0.100 1.100 0.200 0.182 0.10 4- No.3 49.70 1.000 
AVG. 47.21 1.000 
5M32B-8S 0.100 1.100 0.500 0.455 0.10 4- No.3 43.99 1.009 
8M32B-8S 0.100 1.100 0.500 0.455 0.10 4- No.3 46.53 0.963 
10M32B-8S 0.100 1.100 0.500 0.455 0.10 4- No.3 47.27 0.951 
AVG. 45.93 0.974 
5M32C-8S 0.100 1.100 0.800 0.727 0.10 4- No.3 36.16 0.829 
8M32C-8S 0.100 1.100 0.800 0.727 0.10 4- No.3 41.91 0.867 
10M32C-8S 0.100 1.100 0.800 0.727 0.10 4- No.3 40.19 0.809 
AVG. 39.42 0.835 
• Specimen Label: Machined bars (GMHXA-DC) 
G = group number (2, 4, 5, 8, or 1 0) 
M = machined bar 
H = defonnation height: 1 =low, 2 =medium, 3 =high 
X = rib spacing: I = small, 2 = medium, 3 = large 
A = rib width designation (blank, A, B, C, D or E) 
D =nominal bar diameter in 1/8 in. 
C = confmement: N = no transverse stirrups, S = transverse stirrups 
•• W, =rib width ratio= ratio ofnb width to center-to-center spacing of defonnations 
1 in.= 25.4 mm; I kip= 4.45 kN 
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Table 2.5 
Beam-end specimen properties and test results 
from Darwin and Graham (1993a, 1993b) 
Spec. Rib Relative Wr** Bonded Cover Concrete Stirrups Bond Mod. 
Label* Ht. Rib Area 
(in.) 
5Mil-12-.5A 0.050 0.20 0.190 









5Mll-12-.5C 0.050 0.20 0.190 12.0 2.063 4610 
AVG. 
5M12-12-.5A 0.050 0.10 0.190 12.0 2.063 4610 
5Ml2-12-.5B 0.050 0.10 0.190 12.0 2.125 4610 
5M12-12-.5C 0.050 0.10 0.190 12.0 2.125 4560 
AVG. 
5Ml3-12-.5A 0.050 0.05 0.190 12.0 2.125 4610 
5M13-12-.5B 0.050 0.05 0.190 12.0 2.188 4610 
5Ml3-l2-.5C 0.050 0.05 0.190 12.0 2.188 4560 
AVG. 
5M21-12-.5A 0.075 0.20 0.186 12.0 2.375 4610 
5M21-12-.5B 0.075 0.20 0.186 12.0 2.125 4560 
5M21-12-.5C 0.075 0.20 0.186 12.0 2.125 4610 
AVG. 
5M22-12-.5A 0.075 0.10 0.186 12.0 2.000 4610 
5M22-12-.5B 0.075 0.10 0.186 12.0 2.125 4560 
5M22-l2-.5C 0.075 0.10 0.186 12.0 2.250 4610 
AVG. 
5M23-12-.5A 0.075 0.05 0.186 12.0 2.000 4610 
5M23-12-.5B 0.075 0.05 0.186 12.0 2.063 4560 
5M23-12-.5C 0.075 0.05 0.186 12.0 2.063 4610 
AVG. 
5M31-12-.5A 0.100 0.20 0.182 12.0 2.063 4560 
. 5M31-12-.5B 0.100 0.20 0.182 12.0 2.063 4610 
5M31-12-.5C 0.100 0.20 0.182 12.0 2.188 4560 
AVG. 
5M32-12-.5A 0.100 0.10 0.182 12.0 1.938 4560 
5M32-l2-.5B 0.100 0.10 0.182 12.0 1.938 4610 
5M32-12-.5C 0.100 0.10 0.182 12.0 2.063 4610 
AVG. 
5M33-l2-.5A 0.100 0.05 0.182 12.0 2.125 4610 
5M33-12-.5B 0.100 0.05 0.182 12.0 2.188 4610 














































































6Mll-12-.5A 0.050 0.20 0.190 12.0 2.125 4600 4- No.3 41.82 42.70 
6Mll-12-.5B 0.050 0.20 0.190 12.0 2.125 4720 4- No.3 46.06 46.73 
6Mll-12-.5C 0.050 0.20 0.190 12.0 2.063 4530 4- No.3 41.85 . 42.90 
AVG. 43.24 44.11 
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Table 2.5 
Beam-end specimen properties and test results 
from Darwin and Graham (1993a, 1993b) (continued) 
Spec. Rib Relative w •• r Bonded Cover Concrete Stinups Bond 
Label* Ht. Rib Area 
(in.) 
6Ml2-!2-.5A 0.050 0.10 0.!90 
6Ml2-l2-.5B 0.050 0.!0 0.190 









4600 4- No. 3 39.84 
4720 4- No.3 41.56 
4530 4- No. 3 38.35 
39.92 
6Ml3-!2-.5A 0.050 0.05 
6Ml3-l2-.5B 0.050 0.05 
6Ml3-!2-.5C 0.050 0.05 
AVG. 
0.190 12.0 2.063 4600 4- No.3 33.38 
0.190 12.0 2.313 4720 4-No.3 37.1! 
0.190 12.0 2.188 4530 4- No.3 38.89 
36.46 
6M2!-!2-.5A 0.075 0.20 0.!86 !2.0 2.250 4720 4- No.3 42.56 
6M21-12-.5B 0.075 0.20 0.186 !2.0 2.!88 4530 4-No.3 45.!8 
6M2l-12-.5C 0.075 0.20 0.!86 !2.0 2.000 4600 4- No. 3 45.!4 
AVG. 44.29 
6M22-12-.5A 0.075 0.10 0.!86 !2.0 2.!25 4720 4-No.3 4!.73 
6M22-12-.5B 0.075 0.!0 0.!86 !2.0 2.!88 4530 4 - No. 3 40.92 
6M22-!2-.5C 0.075 0.!0 0.!86 !2.0 2.000 4600 4- No.3 37.92 
AVG. 
6M23-!2-.5A 0.075 0.05 0.!86 !2.0 2.063 
6M23-!2-.5B 0.075 0.05 0.!86 !2.0 2.063 















































4720 4- No. 3 36.56 
4530 4 -No. 3 36.84 
4600 4- No. 3 36.23 
36.54 
4530 4- No. 3 40.84 
4600 4- No.3 44.18 
4720 4- No. 3 45.83 
43.62 
4530 4- No. 3 34.98 
4600 4- No.3 39.71 
4720 4- No.3 44.74 
39.8! 
4530 4- No. 3 34.59 
4600 4- No. 3 31.55 





























































Beam-end specimen properties and test results 
from Darwin and Graham (1993a, 1993b) (continued) 
Spec. Rib Relative w•• r Bonded Cover Concrete Stirrups Bond 
Label* Ht. Rib Area Length Strength Str. 
(in.) (in.) (in.) (psi) (kips) 
9M21-8.5-4 O.D75 0.20 0.186 8.5 3.000 5990 55.04 
9M22-8.5-4 0.075 0.10 0.186 8.5 3.000 5990 53.25 
9M23-8.5-4 0.075 0.05 0.186 8.5 3.063 5990 48.28 
9M31-8.5-4A 0.100 0.20 0.182 8.5 3.000 5990 50.58 
9M31-8.5-4B 0.100 0.20 0.182 8.5 3.063 5040 47.40 
9M31-8.5-4C 0.100 0.20 0.182 8.5 3.000 5040 49.00 
AVG. 48.99 
9M32-8.5-4A 0.100 0.10 0.182 8.5 3.125 5990 51.84 
9M32-8.5-4B 0.100 0.10 0.182 8.5 3.125 5040 45.60 
AVG. 48.72 
9M33-8.5-4A 0.100 0.05 0.182 8.5 3.063 5990 44.29 
9M33-8.5-4B 0.100 0.05 0.182 8.5 3.063 5040 42.30 
AVG . 43.30 
• Specimen Label: Machined bars (GMHX-B-LR) 
G =group number (5, 6 or 9) 
M = machined bar 
H = deformation height: I = low, 2 =medium, 3 =high 
X =rib spacing: I = small, 2 =medium, 3 = large 
B = bonded length, in. 
L = lead length, in. 
R = replication mark (A, B or C) 
•• W, = rib width ratio = ratio of rib width to center-to-center spacing of deformations 
Modified bond strength= bond strength (5000/f,) 114 + 
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10.0 0.625 1.953 0.516 1.297 12.12 15.57 13.00 4.00 
10.0 0.625 2032 1.039 1.291 12.14 15.50 13.00 4.00 
10.0 0.625 2.063 1.032 1.264 12.12 15.56 13.00 4.00 
120 0.625 1.532 1.289 1.303 12.18 15.51 13.00 4.00 
12.0 0.625 1.563 1.266 1.315 12.11 15.50 13.00 4.00 
16.0 0.625 2.047 1.000 1.325 12.15 15.52 13.00 4.00 
16.0 0.625 2.094 1.016 1.354 12.19 15.60 13.00 4.00 
17.0 0.625 2.032 1.031 1.295 12.14 15.51 13.00 4.00 
17.0 0.625 2.063 1.000 1.320 12.14 15.59 13.00 4.00 
12.0 0.625 1.594 3.156 1.210 12.13 15.45 13.00 4.00 
12.0 0.625 1.532 3.188 1.277 12.0S 15.49 13.00 4.00 
27.0 1.410 1.516 1.500 1.902 12.11 16.ll 16.00 6.00 
27.0 1.410 1.610 1.469 1.924 12.11 16.12 16.00 6.00 
40.0 1.4!0 1.516 1.531 1.820 12.04 16.19 16.00 6.00 
40.0 1.410 1.563 1.469 1.884 12.08 16.13 16.00 6.00 
40.0 1.410 3.063 2.984 1.908 18.05 16.12 16.00 6.00 
40.0 1.410 2.922 3.063 1.932 18 07 16.10 16.00 6.00 
40.0 1.410 3.063 2.906 1.833 18.04 15.93 16.00 6.00 
40.0 1.410 3.016 2.969 1.895 18.D7 16.28 16.00 6.00 
40.0 1.410 3.047 2.969 1.791 18.03 16.16 16.00 6.00 
40.0 1.410 3.063 3.000 1.846 18.06 16.00 16.00 6.00 
38.0 1.4!0 3.047 2.984 1.888 18.03 16.12 16.00 6.00 
38 0 1.410 3.094 3.000 1.866 18.07 16.09 16.00 6.00 
30.0 1.410 3.079 3.000 1.907 18.09 16.09 16.00 6.00 
300 1.410 3.063 2.969 1.911 18.o7 16.20 16.00 6.00 
400 1.410 1.484 4.500 1.845 18.05 16.11 16.00 6.00 
40.0 1.410 2.984 3.000 1.922 18.07 16.14 16.00 6.00 
40.0 1.410 3.031 3.000 l.9ll 18.05 1608 16.00 6.00 






















































































































































































Splice specimen properties and test resnlts (continned) 
Specimen Bar++ n I, db C:;o 
No. + Designation (in.) (in.) (in.) 









G.ll, G =-group number (12-18), P =casting order in the group (l-6) 
++ Bar Designation 
#AA, #=bar size (No. 5 or No. 11), AA =bar manufacturer and deformation pattern 





Conventional Birmingham Steel bar 
New Chaparral Steel bars NO Conventional North Star Steel bar 




• Uar stress is computed based on working stress iff. does not exceed bar yield stress, otherwise computed based on ultimate strength 
Mu and f, include effects of beam self weight and loading system 
.. Spliced bars were coated 










Properties of reinforcing bars 
Bar+ Yield Nominal Weight %Light Rib Rib Height Relative Coating 
Designation Str. Diameter or Heavy Spacing ASTM Avg. * Rib Area Thick.** 
(ksi) (in.) (Ib/ft) (in.) (in.) (in.) (mils) 
5NO 66.4 0.625 1.015 2.6%L 0.350 0.036 0.035 0.082 
5C2 61.8 0.625 1.013 2.9%L 0.275 0.042 0.041 0.109 9.9 
llNO 65.5 1.410 5.157 2.9%L 0.911 0.079 0.075 0.072 
llBO 66.7 1.410 5.102 4.0%L 0.825 0.070 0.066 0.070 
11F3 77.8 1.410 5.145 3.2%L 0.615 0.090 0.088 0.127 6.3 
+ Bar Designation 
#AA, #=bar size (No. 5 or No. 11), AA =bar manufacturer and deformation pattern 
BO Conventional Birmingham Steel bar 
C2 New Chaparral Steel bars 
F3 New Florida Steel bars 
NO Conventional North Star Steel bar 
No coated bars tested 
• Average rib height between longitudinal ribs 
•• Average coating thicknesses for epoxy~coated bars belonging to bar designation 
lksi=6.89MPa; lin.=25.4mm; llb/ft=l.49kg/m; lmil=O.OO!in.=25.4~m 
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Table 3.3 
Concrete mix proportions (Ib/yd3) and properties 
Group w/c Cement Water Fine Coarse wr Slump Concrete Air Test Cylinder 
Ratio Agg.* Agg.** Temp Content Age Strength 
(oz) (in.) (F) (%) (days) (psi) 
12 0.36 582 208 1575 1608 3 2.50 88 5.50 6 4120 
13 0.36 582 208 1575 1608 3 2.50 91 5.20 6 4110 
14 0.44 508 224 1554 1650 0 2.50 90 2.90 10 4200 
15 0.44 508 224 1554 1650 0 2.50 83 2.30 19 5250 
16 0.44 508 224 1554 1650 0 3.25 59 3.10 22 5180 
17 0.44 508 224 1554 1650 0 2.50 59 4.00 21 4710 
18 0.44 508 224 1554 1650 0 2.50 65 3.70 30 4700 
• Kansas River Sand- Lawrence Sand Co., Lawrence, KS 
Bulk Specific Gravity (SSD) ~ 2.62; Absorption~ 0.5 %; Fineness Modulus = 2. 89 
•• Crushed Limestone- Fogel's Quarry, Ottawa. KS 
Bulk Specific Gravity (SSD) ~ 2.58; Absorption = 2. 7 %; Max. Size~ 3/4 in.; 
Unit Weight~ 90.51b/cu. ft 
wr Water Reducer per 100 lb Cement 











































































































































2.032 2.281 1.93S 24.06 
2.032 1.438 1.938 16.07 
1.000 2.032 1.375 1.93S 16.11 
1.000 2.063 1.375 1.938 16.07 
1.000 2.063 1.438 1.93S 16.05 
1.000 2.250 1.706 1.32S 12.12 
1.000 2.125 l.SOI 1.406 12.12 
1.000 2.125 l.JSO 1.969 12.11 
1.000 2.000 1.914 1.313 12.13 
1.000 2.063 l.S56 LSI3 12.13 
1.000 2.000 1.917 1.938 12.12 
1.000 2.110 1.857 2.000 12.14 
1.000 1.001 0.965 1.906 12.17 
1.000 2.063 1.926 1.250 12.16 
1.000 2.094 1.84S 1.313 I2.17 
1.000 2.032 1.978 1.219 12.15 
1.000 2.063 1.936 I.S44 12.I2 
1.000 2.094 1.926 2.000 12.I6 
1.000 2.016 1.9I4 1.250 IS.22 
1.000 2.078 1.867 1.359 1S.l2 
1.000 2.063 1.849 1.281 12. II 
1.000 1.9S5 1.9SO 1.250 12.I2 
1.000 2.063 1.904 1.406 I2. 12 
1.000 2.094 l.S07 1.313 12.11 
1.000 2.063 0.422 1.906 12.1S 























































































































































































0.140 2 16.0 1.000 2.000 1.906 1.344 12.13 15.5I 16.00 6.00 13.63 4220 2 0.375 64.6 
O.OS5 2 16.0 1.000 2.094 l.S44 1.344 I2.11 15.45 16.00 6.00 13.58 4220 2 0.375 64.6 
0.140 2 24.0 1.000 2.000 1.906 1.969 12.10 16.13 16.00 6.00 13.63 4220 
0.140 2 24.0 1.000 2.032 I.S75 1.969 12.15 16.13 16.00 6.00 13.63 4220 
0.140 2 16.0 1.000 2.079 1.797 1.875 12.00 16.1S 16.00 6.00 13.77 4160 2 0.375 64.6 
0.101 2 IS.O 1.000 1.469 2.531 1.313 12.06 15.54 16.00 6.00 13.72 4160 5 0.500 84.7 

































































































+ Specimen No. 
Table 3.4 































































db c"' c,i 
(in.) (in.) (in.) 
1.000 2.032 1.969 
1.000 2.032 0.453 
1.000 2.047 0.430 
1.000 2.000 1.953 
1.000 2.063 1.891 
1.000 2.032 I.S75 
1.000 2.063 I.S44 
1.000 2.094 1.907 
1.000 2.016 I.S91 
1.000 2.016 1.907 
1.000 2.063 1.875 
1.000 2.094 I.S44 
1.000 2.079 1.875 
1.000 2.000 0.453 
1.000 2.094 I.S44 
1.000 2.063 I.S44 
1.000 2.094 l.S44 
1.000 2.032 0.484 









































































































































































































G.P, G = group number (l-11 or 14), P =casting order in the group ( 1-6), Note: Groups 8-11 cast in concrete containing basalt coarse aggregate. 
++ Bar Designation 






















CO Conventional Chaparral Steel bar NO Conventional North Star Steel bar SO Conventional Structural Metals, Inc. bar 
+++ 
• .. ... 
Cl New Chaparral Steel bars N3 New North Star Steel bar SHO Conventional Sheffield Steel bar 
F l New Florida Steel bars 
Bar slress is computed based on working stress iff. does not exceed bar yield stress, otherwise computed based on ultimate strength 
Mu and f. include effects of beam self weight and loading system 
Contained 2 splices and 2 continuous bars 
Spliced bars were coated 
Specimens with I~> fy 

























Splice specimen properties and test results from Hester et al. (1991, 1993) 
Specimen Bar++ Relative n I, db Cw c,, cb b h I I, d r, N d, r,, M, f,+++ 
No.+ Designation Rib Area (in.) (in.) (in.) (in.) (in.) (in.) (in.) (ft) (ft) (in.) (psi) (in.) (ksi) (k-in.) (ksi) 
1.2 8NO O.o78 3 16.00 1.000 2.000 1.500 2.000 16.00 16.00 13.00 4.00 13.50 5990 2 0.375 77.3 1604 56.00 
2.2 8CO 0.071 3 16.00 1.000 2.000 1.500 1.830 16.00 16.28 13.00 4.00 13.95 6200 2 0.375 54.1 1305 43.99 
3.2 850 0.070 3 16.00 1.000 2.000 1.500 2.080 16.06 16.24 13.00 4.00 13.66 6020 2 0.375 68.9 1348 46.47 
4.2 850 0.070 3 16.00 1.000 2.000 1.500 2.040 16.09 16.36 13.00 4.00 13.82 6450 2 0.375 68.9 1384 47.06 
43 8SO 0.070 3 16.00 1.000 2.000 1.500 2.100 16.09 16.28 13.00 4.00 13.68 6450 3 0.375 68.9 1456 50.04 
5.2 8CO 0.071 3 16.00 1.000 2.000 1.500 2.060 16.10 16.42 13.00 4.00 13.86 5490 2 0.375 54.1 1367 46.51 
5.3 8CO 0.071 3 16.00 1.000 2.000 1.500 2.060 16.09 16.12 13.00 4.00 13.56 5490 3 0.375 54.1 1244 43.31 
6.2 8CO 0.071 3 22.75 1.000 2.000 1.500 2.170 16.06 16.20 13.00 4.00 13.53 5850 3 0.375 54.1 1620 56.45 
6.3 8CO 0.071 3 22.75 1.000 2.000 1.500 2.160 16.03 16.17 13.00 4.00 13.51 5850 4 0.375 54.1 1595 55.67 
7.2 8CO 0.071 2 16.00 1.000 2.000 4.000 2.030 16.00 16.30 13.00 4.00 13.77 5240 3 0.375 54.1 1019 51.49 
+ Specimen No. 




#AA, #=bar size (No. 8), AA =bar manufacturer and deformation pattern 
co Conventional Chaparral Steel bar 
NO Conventional North Star Steel bar 
so Conventional Structural Metals, Inc. bar 
+++ Bar stress is computed based on working stress iff, does not exceed bar yield stress, otherwise computed based on ultimate strength. 
Mu and f, include effect of beam self weight and loading system. 
I in.= 25.4 mm; 1 ft = 305 mm; I psi= 6.89 kPa; 1 ksi = 6.89 MPa; l kip= 4.45 kN; 1 k-in.= OJ 13 k:N-m 
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Table 3.6 
Comparison of splice strengths for epoxy-coated (C) and uncoated 
(U) high R. bars 
Bar Bar Specimen Surface Bar c ** 
Size Designation Rr* No. Condition Stress u 
(ksi) 
No.5 5C2 0.109 13.4 u 59.96 
13.3 c 53.91 0.899 
14.3 u 62.84 
14.4 c 57.34 0.912 
No.8 SCI 0.101 1.3 u 45.01 
1.4 c 37.09 0.824 
4.5 u 51.06 
4.6 c 41.72 0.817 
8N3 0.119 10.1 u 61.17 
10.2 c 57.79 0.945 
8Fl 0.140 2.5 u 58.67 
2.6 c 49.37 0.841 
6.5 u 53.59 
6.6 c 49.63 0.926 
No. 11 11F3 0.127 15.5 u 54.12 
15.6 c 48.19 0.890 
16.2 u 52.38 
16.1 c 48.83 0.932 
18.3 *** u 69.33 
18.2 *** c 57.48 0.829 
Average 0.882 
* Rr =relative rib area 
** C/U = ratio of splice strengths of coated to uncoated bars 
*** Splices confined by stirrups 
1 kSi = 6.89 MPa 
Table 3.7 
Analysis of effects of relative rib area, R, and bar diameter, db, on increase in splice strength, represented by 
T/fc11\ provided by transverse reinforcement, represented by NA,,Jn (T, in Jb, fc in psi, and A,, in in.2) 
No. of Weighted Mean +++ 
Bars Tests MeanR, 
+ b++ Slope, M Mi;+~o.o?s t* Mit/* m r 
Conv. No.5 (L)*** 4 0.082 1347 100 1397 1348 1.036 1310 
5C2 (L) 4 0.109 1524 122 1585 1.176 1196 
Conv. No. 8 (L)*** 19 0.073 1727 -228 1612 1606 1.004 1643 
8C1 (L) 7 0.101 1901 100 1951 1.214 1563 
8F1 (L) 10 0.140 2594 84 2636 1.641 1625 
Conv. No. 8 (B) 5 0.069 2415 -382 2224 2295 0.969 
8N3(B) 4 0.119 3078 -36 3060 1.333 
8F1 (B) 4 0.140 3879 5 3881 1.691 
Conv. No. II (L) 6 0.071 1876 333 2043 2138 0.956 2134 
IIF3 (L) 7 0.127 2909 732 3275 1.532 2188 
+ Slope of the best-fit line • t, = Ml M Rr ~0.075 
++ Intercept of best-fit line at NA,/n = 0 ** t, = 9.6 R, + 0.28 (used to calculate td) 
+++ M =(2m+ b)/2 * * * L = limestone coarse aggregate 
++++ Based on best-fit line for each bar size and concrete type B = basalt coarse aggregate 

















Threaded bar splice specimen properties and test results 
Bar++ n I, d, c., Csi c, b h I I, d f, N 
Designation (in.) (in.) (in.) (in.) (in.) (in.) (in.) (ft) (ft) (in.) (psi) 
T-8 2 36.0 1.000 2.047 1.683 1.281 12.09 15.62 16.00 6.00 13.76 5110 12 
T-8 2 24.0 1.000 2.032 1.714 1.938 12.13 16.17 16.00 6.00 13.65 5110 6 
T-8 2 36.0 1.000 1.969 1.775 1.906 12.10 16.09 16.00 6.00 13.61 5110 
T-8 2 24.0 1.000 2.032 1.730 1.281 12.15 15.51 16.00 6.00 13.65 4090 4 
T-8 2 36.0 1.000 1.953 1.703 1.844 12.11 16.16 16.00 6.00 13.74 4160 
T-8 2 24.0 1.000 2.063 1.625 1.313 12.06 15.65 16.00 6.00 13.76 4160 4 
Specimen No. 
G.P, G =group number (3, 4 or 7), P =casting order in the group (1-4) 
Bar Designation 
A-#, A= bar manufacturer and deformation pattern,#= bar size (No. 8) 
T Williams Form Engineering Corporation high-strength prestressing bar (Rr = 0.284) 
Bar stress is computed based on working stress if concrete did not crush, otherwise computed based on ultimate strength 
M11 and~ include effects of beam self weight and loading system 
Concrete crushed on compression face prior to splice failure 
Spliced bars wen: separated to prevent interlocking oflhc ribs 
1 in.~ 25.4 mm; I ft ~ 305 mm; I psi~ 6.89 kPa; I ksi ~ 6.89 MPa; I kip~ 4.45 kN; I k-in.~ 0.113 kN-m 
d, f,, p 
(in) (ksi) (kips) 
0.375 69.9 45.32 
0.375 69.9 45.18 
29.93 
0.375 69.9 37.91 
26.71 






















Concrete mix proportions (Ib/yd~ and properties 
Group w/c Cement Water Fine Coarse wr Slump Concrete Air Test Cylinder 
Ratio Agg.* Agg.** Temp. Content Age Strength 
(oz) (in.) (F) (%) (days) (psi) 
3 0.36 582 208 1575 1608 3 2.75 93 3.70 7 5110 
4 0.36 582 208 1575 1608 3 1.75 95 4.50 5 4090 
7 0.36 582 208 1575 1608 3 5.25 67 3.50 7 4160 
* Kansas River Sand - Lawrence Sand Co., Lawrence, KS 
Bulk Specific Gravity (SSD) = 2.62; Absorption= 0.5 %; Fineness Modulus= 2.89 
** Crushed Limestone- Fogel's Quarry, Ottawa, KS 
Bulk Specific Gravity (SSD) = 2.58; Absorption= 2.7 %; Max. Size= 314 in.; 
Unit Weight= 90.5 lb/cu. ft 
wr Water Reducer per I 00 lb Cement 
3 3 • -I lb/yd = 0.5933 kg/m ; I oz = 29.57 em"; I psi= 6.89 kPa 
Table 4.3 
Test/prediction ratios for threaded bar splice tests 
Specimen I, db eM Cm NAtr f, f, T If 114 b c T If 
114 
c c 
No. n Test Eq. 3.1+ 
(in.) (in.) (in.) (in.) (in.
2
) (psi) (ksi) (in
2
) (in?) 
Beams without transverse reinforcement 
3.3 36.0 1.000 1.969 1.906 5110 84.92 7935 7163 
7.3* 36.0 1.000 1.953 1.844 4160 77.74 7647 7040 










36.0 1.000 1.933 1.281 1.32 5110 132.87 12415 6013 
24.0 1.000 1.964 1.938 0.66 5110 133.70 12493 5376 
24.0 1.000 1.980 1.281 0.44 4090 107.35 10605 4614 
24.0 1.000 1.875 1.313 0.44 4160 80.40 7909 4613 
Spliced bars were separated to prevent interlocking of the ribs 
Concrete crushed on compression face prior to splice failure 
T, ( eM ) Eq. 3.1 ~ ---;174 ~ [631ct (em + 0.5 db)+ 2130 Abl 0.1- + 0.9 
fc Cm 




~ 2226 (9.6 Rr + 0.28) (0.72 db + 0.28) NAtr + 66 
n 
Eq. 3.10 ~ Tc + T, 











T If' 114 s c T If 
114 
b c Test 








8900 14913 0.833 
4483 9859 1.267 
3011 7625 1.391 
3011 7624 1.037 
f,··· 






Moment-rotation test specimen properties 
Spec. Bar++ Number c,o Csi cb d b h I lc a 
No.+ Desig. of Bars (in.) (in.) (in.) (in.) (in.) (in.) (ft) (ft) (in.) 
16.5 8NO 2 2.125 2.813 1.926 13.67 12.00 16.10 16.00 15.00 9.04 
16.6 8N3 2 2.078 2.875 1.971 13.61 12.06 16.09 16.00 15.00 9.01 
17.1 8NO 3 2.094 1.156 1.919 13.67 12.04 16.08 16.00 15.00 9.01 






Properties of reinforcing bars 
Yield Nominal Weight %Light !lib !lib Height 
Str. Diameter or Heavy Spacing ASTM Avg. * 
(ksi) (in.) (lb/ft) (in.) (in.) (in.) 
78.0 1.000 2.594 2.8%1 0.650 0.057 0.054 
80.3 1.000 2.730 2.2%H 0.487 0.072 0.068 
Table 5.3 





Group w/c Cement Water Fine Coarse Slump Concrete Air Test Cylinder 
Ratio Agg** Agg.** Temp Content Age Strength 
(in.) (F) (%) (days) (psi) 
16 0.44 508 224 1554 1650 3.25 59 3.10 23 5170 
17 0.44 508 224 1554 1650 2.50 59 4.00 20 4760 
+ Specimen No. 
G.P, G =group number (16 or 17), P =casting order in the group (1, 2, 5, or 6) 
++ Bar Designation 
#AA, #=bar size (No. 8), AA =bar manufacturer and deformation pattern 
NO Conventional North Star Steel bar N3 New North Star Steel bar 
* Average rib height between longitudinal ribs 
** See Table 3.3 for aggregate properties 
1 in.= 25.4 mm; 1 ft = 305 mm; 1 psi= 6.89 kPa; 1 ksi = 6.89 MPa; 
1 lb/ft = 1.49 kg/m; 1 lb/yd3 = 0.5933 kg/m3 
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Table 6.1 
Splice length ratios, l,(Eq. 3.14)/I,(ACI), comparing Eq. 3.14 and ACI 
Class A and Class B splices for uncoated bars not confined 
by transverse reinforcement with c/db ::S 2.5 
fc I No.6 and smaller bars 
(psi) fy = 40 ksi fy = 60 ksi 
Class A* Class B Class A* Class B 
3000 1.11 0.85 1.31 1.01 
6000 1.19 0.91 1.47 1.13 
9000 1.56 1.20 
12000 1.48 1.14 
15000 1.36 1.05 
* Class A splice length is equal to development length 
I psi = 6.89 kPa; 1 ksi = 6.89 MPa 
Table 6.2 
No. 7 and larger bars 
fy = 60 ksi 






Splice length ratios, l,(Eq. 3.14)/I,(ACI), comparing Eq. 3.14 and ACI 
Class A and Class B splices for uncoated bars not confined 
by transverse reinforcement with c/db = 4 
fc I No.6 and smaller bars 
(psi) fy = 40 ksi fy = 60 ksi 
Class A* Class B Class A* Class B 
3000 0.91 0.70 0.82 0.63 
6000 1.29 0.99 0.92 0.71 
9000 1.05 0.81 
12000 1.11 0.85 
15000 1.11 0.85 
* Class A splice length is equal to development length 
1 psi= 6.89 kPa; 1 ksi = 6.89 MPa 
No. 7 and larger bars 
fy = 60 ksi 







Comparison of development and splice lengths for bars with 2 in. cover 
confined by No. 3 stirrups spaced 6 in. on center 
ACI 318-95 Eq.3.14 New** Eq. 3.14 Eq.3.14 Eq.3.14 Eq. 3.14 
db fy r, c/db ld I, lct (Conv. *) lct (New**) Conv.* ACI lct ACI lct ACI I, ACI I, 
(in.) (ksi) (psi) (in.) (in.) (in.) (in.) Eq. 3.14+ Conv* New** Conv* New** 
0.75 40 3000 3.167 13.15 17.09 12.00 12.00 1.000 0.913 0.913 0.702 0.702 
0.75 40 6000 3.167 12.00 12.08 12.00 12.00 1.000 1.000 1.000 0.993 0.993 
0.75 60 3000 3.167 19.72 25.63 16.76 16.16 0.965 0.850 0.820 0.654 0.631 
0.75 60 6000 3.167 13.94 18.13 13.28 12.81 0.965 0.952 0.918 0.732 0.706 
0.75 60 9000 3.167 12.00 14.80 12.00 12.00 1.000 1.000 1.000 0.811 0.811 
0.75 60 12000 3.167 12.00 14.04 12.00 12.00 1.000 1.000 1.000 0.855 0.855 
0.75 60 15000 3.167 12.00 14.04 12.00 12.00 1.000 1.000 1.000 0.855 0.855 
1.00 60 3000 2.500 32.86 42.72 27.52 24.83 0.902 0.837 0.756 0.644 0.581 
1.00 60 6000 2.500 23.24 30.21 21.80 19.67 0.902 0.938 0.847 0.722 0.651 --.l 
1.00 60 9000 2.500 18.97 24.67 18.89 17.04 0.902 0.996 0.898 
<.A 
0.766 0.691 
1.00 60 12000 2.500 18.00 23.40 16.99 16.00 0.942 0.944 0.889 0.726 0.684 
1.00 60 15000 2.500 18.00 23.40 16.00 16.00 1.000 0.889 0.889 0.684 0.684 
1.41 60 3000 1.918 47.51 61.76 48.63 43.24 0.889 1.024 0.910 0.788 0.700 
1.41 60 6000 1.918 33.59 43.67 38.53 34.26 0.889 1.147 1.020 0.882 0.784 
1.41 60 9000 1.918 27.43 35.66 33.38 29.68 0.889 1.217 1.082 0.936 0.832 
1.41 60 12000 1.918 26.02 33.83 30.03 26.70 0.889 1.154 1.026 0.888 0.789 
1.41 60 15000 1.918 26.02 33.83 27.59 24.53 0.889 1.060 0.943 0.816 0.725 
* Conventional bars, R,- 0.0727 Max. 1.000 1.217 1.082 0.993 0.993 
** High relative rib area bars, R, = 0.1275 Min. 0.889 0.837 0.756 0.644 0.581 
fy Avg. 0.943 0.995 0.936 0.791 0.746 
. - .. - 1900 
+ 1 f'I/4 
Eq. 3.14 = _g__ = c 
db 72 ( c ~~!(!!_) 
I in.= 25.4 mm; I psi= 6.89 kPa; I ksi = 6.89 MPa 
Table 6.4 
Comparison of development and splice lengths for bars with 2 in. cover 
confined by No. 4 stirrups spaced 6 in. on center 
ACI 318-95 Eq.3.14 New** Eq. 3.14 Eq. 3.14 Eq.3.14 Eq.3.14 
db fy r, c/db 1d 1, 1d (Conv*) ld (New**) Conv.* ACI 1d ACI ld ACI I, ACII, 
(in.) (ksi) (psi) (in.) (in.) (in.) (in.) Eq.3.14+ Conv.* New** Conv.* New** 
0.75 40 3000 3.167 13.15 17.09 12.00 12.00 1.000 0.913 0.913 0.702 0.702 
0.75 40 6000 3.167 12.00 12.08 12.00 12.00 1.000 1.000 1.000 0.993 0.993 
0.75 60 3000 3.167 19.72 25.63 16.16 16.16 1.000 0.820 0.820 0.631 0.631 
0.75 60 6000 3.167 13.94 18.13 12.81 12.81 1.000 0.918 0.918 0.706 0.706 
0.75 60 9000 3.167 12.00 14.80 12.00 12.00 1.000 1.000 1.000 0.811 0.811 
0.75 60 12000 3.167 12.00 14.04 12.00 12.00 1.000 1.000 1.000 0.855 0.855 
0.75 60 15000 3.167 12.00 14.04 12.00 12.00 1.000 1.000 1.000 0.855 0.855 
1.00 60 3000 2.500 32.86 42.72 23.62 21.55 0.913 0.719 0.656 0.553 0.504 
~ 
1.00 60 6000 2.500 23.24 30.21 18.71 17.07 0.913 0.805 0.735 0.619 0.565 -...) 0\ 
1.00 60 9000 2.500 18.97 24.67 16.21 16.00 0.987 0.854 0.843 0.657 0.649 
1.00 60 12000 2.500 18.00 23.40 16.00 16.00 1.000 0.889 0.889 0.684 0.684 
1.00 60 15000 2.500 18.00 23.40 16.00 16.00 1.000 0.889 0.889 0.684 0.684 
1.41 60 3000 1.918 46.34 60.24 40.86 34.33 0.840 0.882 0.741 0.678 0.570 
1.41 60 6000 1.918 32.77 42.60 32.37 27.19 0.840 0.988 0.830 0.760 0.638 
1.41 60 9000 1.918 26.75 34.78 28.04 23.56 0.840 1.048 0.881 0.806 0.677 
1.41 60 12000 1.918 25.38 32.99 25.23 22.56 0.894 0.994 0.889 0.765 0.684 
1.41 60 15000 1.918 25.38 32.99 23.18 22.56 0.973 0.913 0.889 0.703 0.684 
Max. 1.000 1.048 1.000 0.993 0.993 
Min. 0.840 0.719 0.656 0.553 0.504 
Avg. 0.953 0.920 0.876 0.733 0.700 
Table 6.4 
Comparison of development and splice lengths for bars with 2 in. cover 
confined by No.4 stirrups spaced 6 in. on center (continued) 
ACI 318-95 Eq. 3.14+ New** -Eq.3W Eq.:l~WEq:-fT4~q:J.T4" 
db fy f, c/db ld 1, ld (Conv*) ld (New**) Conv.* ACI ld ACI ld ACI 1, ACI 1, 
(in.) (ksi) (psi) (in.) (in.) (in.) (in.) Eq. 3.14+ Conv.* New** Conv.• New** 





















Conventional bars, R, = 0.0727 
High relative rib area bars, R, = 0.1275 
fy 
I f' 114 - 1900 
Eq. 3.14 = _Q_= -=c..,...... __ ~ 
db 72 ( (;_~_b!<.rr) 





Ratios of development length, ld(new)/ld( conv.), comparing new (high R,) and conventional Grade 60 
reinforcing bars confined by transverse reinforcement (based on Eq. 3.14) 
f,- 3000 psi f,- 6000 psi f,- 9000 psi f,- 12000 psi f,-15000psi 
c/d" K,,(ncw)ld"* K,,(new)/db * K11(new)ldh* K"(new)/db * K"(new)/db * 
l 2 3 l 2 
I 0.83 0.77 0.74 0.83 0.77 
1.5 0.86 0.80 0.86 0.86 0.80 
2 0.88 0.83 0.99 0.88 0.83 
2.5 0.90 0.95 1.00 0.90 0.95 
3 0.91 1.00 1.00 0.91 1.00 
* K,,(conv.) ~ 0.65 K,.(new), (c + K")/db :S 4 







l 2 3 l 2 3 I 2 
0.83 0.77 0.80 0.83 0.77 0.89 0.83 0.77 
0.86 0.80 0.93 0.86 0.84 1.00 0.86 0.92 
0.88 0.89 1.00 0.88 0.99 1.00 0.88 1.00 
0.90 1.00 1.00 0.95 1.00 1.00 1.00 1.00 
0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Table 6.6 
Ratios of development length, ld(new)lld( conv.), comparing new (high R,) and conventional Grade 40 






* K,.(conv.) ~ 0.65 K"(new), (c + K")/db :S 4 
I psi~ 6.89 kPa 
f, ~ 3000 psi 
K"(new)/db * 
2 3 
0.83 0.77 0.97 
0.86 0.92 1.00 
0.88 1.00 1.00 
1.00 1.00 1.00 
1.00 1.00 1.00 
f, ~ 6000 psi 
K~r(new)/db * 
I 2 3 
0.83 1.00 1.00 
0.94 1.00 1.00 
1.00 1.00 1.00 
1.00 1.00 1.00 











Ratios of development length, Iicoated)/ld(uncoated), for new (high R,) and conventional reinforcing bars 
not confined by transverse reinforcement (based on Eq. 3.14) 
fc Conventional bars* 
(psi) f. = 40 ksi y 
c/db=l c/db=4 
3000 !.54 1.17 





* Average R, = 0.0727, 13 = 0.74 
** Average R, = 0.1275, 13 = 0.88 
I psi= 6.89 kPa; I ksi = 6.89 MPa 










fy = 40 ksi fy = 60 ksi 
c/db=1 c/db=4 c/db=l c/db=4 
1.21 1.00 1.18 1.18 




Ratios of development length, ld(new)/ld(conv.), comparing new (high R,) and conventional coated 








I psi = 6.89 kPa; I ksi = 6.89 MPa 
fy = 40 ksi 
c/db=l c/db=4 
0.78- - 0.85 
0.77 1.00 
fy = 60 ksi 
c/db=l c/db=4 









Ratios of development length, ld(new)/ld(conv.), comparing new (high Rr) and conventional Grade 60 coated 
reinforcing bars confined by transverse reinforcement (based on Eq. 3.14) 
r,- 3000 psi r, 6000 psi 
c/db K"(new)/db * K,,(new)/db * 
1 2 3 1 2 3 
1 0.67 0.62 0.60 0.66 0.61 0.59 
1.5 0.69 0.65 0.70 0.69 0.64 0.69 
2 0.71 0.67 0.80 0.71 0.66 0.79 
2.5 0.73 0.77 0.81 0.72 0.76 0.80 
3 0.74 0.81 0.81 0.73 0.80 0.80 
..... . .... 
* K,,(conv.) = 0.65 K,,(new), (c + K,,)/db:::; 4 
1 psi = 6.89 kPa 
r,- 9000 psi r'- 12000 psi r,- 15000 psi 
Ku(new)/db * Ku(new)/db * K"(new)/db * 
1 2 3 1 2 3 1 2 3 
0.65 0.61 0.59 0.65 0.61 0.58 0.65 0.60 0.63 
0.68 0.64 0.68 0.68 0.63 0.68 0.68 0.63 0.73 
0.70 0.65 0.78 0.70 0.65 0.78 0.69 0.70 0.84 
0.71 0.75 0.79 0.71 0.75 0.79 0.71 0.81 0.85 
0.72 0.79 0.79 0.72 0.79 0.79 0.77 0.85 0.85 
-- -- -- ~------------···- ----- -------- - --· . --
Table 6.10 
Ratios of development length, linew)/ld(conv.), comparing new (high Rr) and conventional Grade 40 coated 







* K,,(conv.) = 0.65 K,,(new), (c + Ktr)/db :S 4 
1 psi = 6.89 kPa 
r,- 3000 psi 
K,,(new)/db * 
1 2 3 
0.65 0.60 0.63 
0.68 0.63 0.74 
0.69 0.70 0.84 
0.71 0.81 0.85 
0.78 0.85 0.85 
r,- 6000 psi 
K,,( new)/ db* 
1 2 3 
0.63 0.62 0.80 
0.66 0.76 0.94 
0.72 0.90 1.00 
0.86 1.00 1.00 





Splice data for bridge structure 
db* Cover Transverse Reinf. 
Splice Number of Coated Top bar a barb cb Cso Csi A./n s 
No. Bars Bar (in.) (in.) (in.) (in.) (in.) (in2 ) (in.) 
I 112 N N 0.625 0.625 2.00 NA 2.38 0.000 
2 4 N N 0.625 0.625 2.00 2.00 NA 0.000 
3 6 N y 0.500 0.500 2.63 11.50 9.00 0.310 12.00 
4 10 N y 0.500 0.500 2.63 2.63 4.25 0.310 12.00 
5 10 N y 0.500 0.500 2.63 2.63 4.25 0.310 12.00 
6 26 N y 0.625 0.625 2.00 3.00 5.38 0.000 
7 26 N y 0.625 0.625 2.00 3.00 5.38 0.000 ~ 
8 112 N N 0.625 0.625 2.00 NA 2.38 0.000 
00 
~ 
9 4 N N 0.625 0.625 2.00 2.00 NA 0.000 
10 6 N y 0.500 0.500 2.63 11.50 9.00 0.310 12.00 
11 10 N y 0.500 0.500 2.63 2.63 4.25 0.310 12.00 
12 10 N y 0.500 0.500 2.63 2.63 4.25 0.310 12.00 
13 8 y N 1.000 1.000 3.75 2.75 10.00 0.440 17.00 
14 8 y y 1.000 1.000 4.13 2.75 8.50 0.440 17.00 
15 20 y N 0.750 0.750 3.13 2.25 7.88 0.000 
16 4 y N 0.750 0.750 3.13 2.25 7.88 0.000 
17 96 y N 0.750 0.750 2.00 NA 7.75 0.000 
18 96 y N 0.750 0.750 2.00 NA 7.75 0.000 
19 4 y N 0.750 0.750 2.00 2.40 8.25 0.000 
20 4 y N 0.750 0.750 2.00 2.40 8.25 0.000 
Table 6.11 
Splice data for bridge structure (continued) 
db* Cover Transverse Reinf. 
Splice Number of Coated Top bar a barb cb Cso Csi At/n s 
No. Bars Bar (in.) (in.) (in.) (in.) (in.) (in.
2
) (in.) 
21 48 y N 0.500 0.625 3.13 NA 11.00 0.200 11.00 
22 48 y N 0.500 0.625 3.13 NA 11.00 0.200 11.00 
23 8 y N 0.625 0.750 2.38 1.88 3.00 0.073 13.75 
24 8 y N 0.625 0.750 2.38 1.88 3.00 0.073 13.75 
25** 218 y N 0.625 0.625 1.00 NA 10.38 0.000 
26 4 y N 0.500 0.750 2.38 1.88 3.00 0.073 13.75 
27 4 y N 0.500 0.750 2.38 1.88 3.00 0.073 13.75 
~ 
28 24 y y 0.500 0.500 2.75 NA 10.00 0.440 32.75 00 N 
29 288 y N 0.500 0.500 1.63 NA 6.00 0.200 11.00 
30 16 y N 0.500 0.500 2.00 2.00 3.00 0.200 12.00 
31 4 y y 0.500 0.500 2.50 2.50 NA 0.000 
32 384 y N 0.500 0.500 1.50 3.00 1.44 0.000 
33 48 y N 0.500 0.500 3.13 NA 11.00 0.200 11.00 
34 256 y N 0.375 0.375 1.50 NA 1.13 0.000 
35 24 y N 0.75 0.75 1.63 3.25 5.69 0.000 
* Bar size a spliced to bar size b 
** Class A splice, all other splices are Class B 
Note: fy = fyt = 60,000 psi and f c = 4,000 psi 
1 in.= 25.4 mm; 1 psi= 6.89 kPa 
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Table 6.12 
Splice lengths for bridge structure 
Orig. ACI '95 l,(Eq. 3.13 ) l, (Eq. 3.14 ) 
Splice I, I, Conv.* New** Conv.* New** 
No. (in.) (in.) (in.) (in.) (in.) (in.) 
I 26.00 18.50 12.71 12.71 13.24 13.24 
2 26.00 18.50 13.24 13.24 13.24 13.24 
3 18.00 19.24 12.00 12.00 12.74 12.74 
4 24.00 19.24 12.74 12.74 12.74 12.74 
5 24.00 19.24 12.74 12.74 12.74 12.74 
6 24.00 24.05 16.12 16.12 17.22 17.22 
7 24.00 24.05 16.12 16.12 17.22 17.22 
8 26.00 18.50 12.71 12.71 13.24 13.24 
9 26.00 18.50 13.24 13.24 13.24 13.24 
10 18.00 19.24 12.00 12.00 12.74 12.74 
11 24.00 19.24 12.74 12.74 12.74 12.74 
12 24.00 19.24 12.74 12.74 12.74 12.74 
13 51.00 55.50 28.56 22.93 28.80 23.17 
14 51.00 62.90 37.02 29.69 37.44 30.12 
15 22.00 26.64 23.55 18.91 24.69 19.86 
16 22.00 26.64 23.55 18.91 24.69 19.86 
17 36.00 33.30 20.58 16.31 27.29 21.95 
18 36.00 33.30 20.58 16.31 27.29 21.95 
19 36.00 33.30 26.63 21.40 27.29 21.95 
20 36.00 33.30 26.63 21.40 27.29 21.95 
21 15.00 17.76 13.58 12.00 14.40 12.00 
22 15.00 17.76 13.58 12.00 14.40 12.00 
23 31.00 22.20 18.80 14.66 19.39 15.13 
24 31.00 22.20 18.80 14.66 19.39 15.13 
25 18.00 25.41 25.86 20.50 34.29 27.59 
26 31.00 17.76 14.31 12.00 14.40 12.00 
27 31.00 17.76 14.31 12.00 14.40 12.00 
28 21.00 23.09 17.65 13.99 18.72 15.06 
29 15.00. 17.76 13.58 12.00 14.40 12.00 
30 19.00 17.76 14.40 12.00 14.40 12.00 
31 21.00 23.09 18.72 15.06 18.72 15.06 
32 16.00 22.20 16.21 13.03 17.07 13.73 
33 15.00 17.76 13.58 12.00 14.40 12.00 
34 15.00 13.32 12.00 12.00 12.34 12.00 
35 29.00 33.30 28.78 23.02 32.40 26.07 





f'I/4 -1900 0.1-;:;- + 0.9 
++ 1d f'l/4 c m Eq. 3.14= c db 
72 ( c :bKtr) db 72 ( c :bKtr) 
Note: Dermition of c in Eq. 3.13 is different than c in Eq. 3.14 (see Chapter 3) 
* Conventional reinforcement (avg. R, = 0.0727) 
** New reinforcement (avg. R, = 0.1275) 
1 in.= 25.4 mm 
Table 6.13 
Splice length ratios for bridge structure 
ACI '95 Eq. 3.13+ Eq. 3.13+Eq. 3.14++Eq. 3.14++Eq. 3.13+ Eq. 3.13+Eq. 3.14++Eq. 3.14++ Eq. 3.13+ Eq. 3.13+ New** New** 
Spl. Orig. Orig. Orig. Orig. Orig. ACI '95 ACI '95 ACI '95 ACI '95 Eq. 3.14++Eq. 3.14++ Conv* Conv* 
No. Conv.* New** Conv* New** Conv.* New** Conv* New** Conv* New** Eq. 3.13+Eq. 3.14++ 
1 0.712 0.489 0.489 0.509 0.509 0.687 0.687 0.716 0.716 0.959 0.959 1.000 1.000 
2 0.712 0.509 0.509 0.509 0.509 0.716 0.716 0.716 0.716 1.000 1.000 1.000 1.000 
3 1.069 0.667 0.667 0.708 0.708 0.624 0.624 0.662 0.662 0.942 0.942 1.000 1.000 
4 0.802 0.531 0.531 0.531 0.531 0.662 0.662 0.662 0.662 1.000 1.000 1.000 1.000 
5 0.802 0.531 
6 1.002 0.672 
7 1.002 0.672 
8 0.712 0.489 
9 0.712 0.509 
10 1.069 0.667 
11 0.802 0.531 









13 1.088 0.560 0.450 
14 1.233 0.726 0.582 












































































































16 1.211 1.071 0.859 1.122 0.903 0.884 0.710 0.927 0.746 0.954 0.952 0.803 0.804 
17 0.925 0.572 
18 0.925 0.572 
19 0.925 0.740 

















































Change in steel weight for bridge structure 
Change in weight of steel (lb) 
Splice ACI'95 Eq. 3.13+ Eq. 3.14++ 
No. Conv.* New** Conv.* New** 
1 -73.02 -129.41 -129.41 -124.19 -124.19 
2 -2.61 -4.44 -4.44 -4.44 -4.44 
3 0.41 -2.00 -2.00 -1.76 -1.76 
4 -2.65 -6.27 -6.27 -6.27 -6.27 
5 -2.65 -6.27 -6.27 -6.27 -6.27 
6 0.11 -17.81 -17.81 -15.33 -15.33 
7 0.11 -17.81 -17.81 -15.33 -15.33 
8 -73.02 -129.41 -129.41 -124.19 -124.19 
9 -2.61 -4.44 -4.44 -4.44 -4.44 
10 0.41 -2.00 -2.00 -1.76 -1.76 
11 -2.65 -6.27 -6.27 -6.27 -6.27 
12 -2.65 -6.27 -6.27 -6.27 -6.27 
13 8.01 -39.94 -49.96 -39.51 -49.53 
14 21.18 -24.89 -37.92 -24.13 -37.16 
15 11.61 3.89 -7.74 6.73 -5.35 
16 2.32 0.78 -1.55 1.35 -1.07 
17 -32.46 -185.29 -236.58 -104.69 -168.80 
18 -32.46 -185.29 -236.58 -104.69 -168.80 
19 -1.35 -4.69 -7.31 -4.36 -7.03 
20 -1.35 -4.69 -7.31 -4.36 -7.03 
21 11.51 -5.94 -12.52 -2.50 -12.52 
22 11.51 -5.94 -12.52 -2.50 -12.52 
23 -8.81 -12.22 -16.36 -11.63 -15.89 
24 -8.81 -12.22 -16.36 -11.63 -15.89 
25 140.43 148.95 47.32 308.66 181.62 
26 -6.63 -8.35 -9.51 -8.31 -9.51 
27 -6.63 -8.35 -9.51 -8.31 -9.51 
28 2.79 -4.48 -9.37 -3.04 -7.93 
29 44.24 -22.81 -48.10 -9.59 -48.10 
30 -1.11 -4.10 -6.23 -4.10 -6.23 
31 0.46 -0.51 -1.32 -0.51 -1.32 
32 132.51 4.48 -63.47 22.85 -48.50 
33 7.37 -3.80 -8.02 -1.60 -8.02 
34 -13.48 -24.06 -24.06 -21.30 -24.06 
35 12.91 -0.65 -17.95 10.23 -8.81 
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Table 6.14 
Change in steel weight for bridge structure (continued) 
Change in weight of steel (lb) 
Splice ACI '95 Eq. 3.13+ Eq. 3.14++ 
No. Conv.* 
All reinforcement 
Weight (lb) 93474 92608 
Change from original (lb) 132.97 -732.50 
Change from original (%) 0.14 -0.78 
Uncoated reinforcement 
Weight (lb) 17249 17078 
Change from original (lb) -160.80 -332.38 
Change from original (%) -0.92 -1.91 
Coated reinforcement 
Weight (!b) 76225 75531 
Change from original (lb) 293.77 -400.12 
Change from original (%) 0.39 -0.53 
+ Eq. 3.13=.!1.. 
db 
fy ( eM ~ 
f









72 ( c :hKtt) 
New** Conv.* New** 
92216 93008 92533 
-1125.32 -333.43 -808.47 
-1.21 -0.36 -0.87 
17078 17094 17094 
-332.38 -316.50 -316.50 
-1.91 -1.82 -1.82 
75138 75914 75439 
-792.94 -16.94 -491.98 
-1.04 -0.02 -0.65 
Note: Definition of c in Eq. 3.13 is different than c in Eq. 3.14 (see Chapter 3) 
• Conventional reinforcement (avg. R, = 0.0727) 
** New reinforcement (avg. R, = 0.1275) 
1 lb = 0.454 kg 
Table 6.15 
Summary of splice length ratios for lateral load resisting frame system 
ACI '95 Eq. 3.13+ Eq. 3.13+ Eq. 3.14++Eq. 3.14++ Eq. 3.13+ Eq. 3.13+ Eq. 3.14++Eq. 3.14++ Eq. 3.13+ Eq. 3.13+ New** New** 
Orig. Orig. Orig. Orig. Orig. ACI '95 AC1 '95 ACI '95 ACI '95 Eq. 3.14++Eq. 3.14++ Conv. * Conv.* 
Conv* New** Conv.* New** Conv.* New** Conv.* New** Conv* New** Eq. 3.13+Eq. 3.14++ 
Beams 
Max. 1.090 0.781 0.740 0.934 0.853 0.906 0.864 0.906 0.864 1.000 1.000 0.957 0.954 
Min. 0.444 0.336 0.285 0.341 0.291 0.600 0.536 0.677 0.564 0.809 0.825 0.833 0.831 
Avg. 0.622 0.480 0.427 0.516 0.455 0.782 0.697 0.826 0.731 0.949 0.954 0.890 0.885 
Columns 
Max. 0.598 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
Min. 0.546 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 ~ 
00 
Avg. 0.564 0.450 0.450 0.450 0.450 0.800 0.800 0.800 0.800 1.000 1.000 1.000 1.000 \0 
All Members 
Max. 1.090 0.781 0.740 0.934 0.853 0.906 0.864 0.906 0.864 1.000 1.000 1.000 1.000 
Min. 0.444 0.336 0.285 0.341 0.291 0.600 0.536 0.677 0.564 0.809 0.825 0.833 0.831 
Avg. 0.610 0.473 0.432 0.502 0.454 0.786 0.719 0.820 0.746 0.960 0.964 0.914 0.910 
fy ( eM ~ fy - -1900 0.1-~ + 0.9 --1900 
Eq. 3.13 = .!!!_ 
f'I/4 c I f'I/4 
+ c m ++ Eq. 3.14=_<!_ c db 72(~-:b~) db 72 (c :bKtr) 
Note: Definition of c in Eq. 3.13 is different than c in Eq. 3.14 (see Chapter 3) 
* Conventional reinforcement (avg. R, ~ 0.0727) 
** New reinforcement (avg. R, ~ 0.1275) 
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Table 6.16 




Weight (lb) 1250137 
ACI 318-95 
Weight (lb) 1207800 
Change from original (lb) -42337 
Change from original (%) -3.39 
Eq. 3.13+ (Conv.*) 
Weight (lb) 1187657 
Change from original (lb) -62480 
Change from original (%) -5.00 
Eq. 3.13+ (New**) 
Weight (lb) 1180158 
Change from original (lb) -69979 
Change from original (%) -5.60 
Eq. 3.14++ (Conv.*) 
Weight (lb) 1194219 
Change from original (lb) -55918 
Change from original (%) -4.47 
E ++ q. 3.14 (New**) 
Weight (lb) 1185233 
Change from original (lb) -64904 
Change from original (%) -5.19 
~;;4 -1900 ( 0.1 :M + 0.9J 
+ Eq. 3.13=~= fc m 




++ Eq. 3.14 = _j_ = ___,cc,---c-



















Note: Definition of c in Eq. 3.13 is different than c in Eq. 3.14 (see Chapter 3) 
* Conventional reinforcement (avg. ~ = 0.0727) 
** New reinforcement (avg. ~ = 0.1275) 





Single-rib finite element models 
Substructure 
Concrete Reinf. Constraint Interface*** 
Steel 
Crack 
Rods* Rods** I Total 
4H-45 
No. ofNodes 
No. of Elements 
4H-22.5 
No. ofNodes 
No. of Elements 
8H-45 
No. ofNodes 
No. of Elements 
8H-22.5 
No. ofNodes 
No. of Elements 
8N-45 
No. of Nodes 
No. of Elements 
8N-22.5 
No. ofNodes 
No. of Elements 
16N-45 
No. ofNodes 
No. of Elements 
16N-22.5 
No. ofNodes 

























































































No. of nodes shown are only those nodes not included in the concrete substructure 
All nodes are included in the concrete substructure 
All nodes are included in the concrete or reinforcing steel substructures 
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Table 7.2 
Bond force (peak load) and corresponding values of bar displacement 
and crack width for single-rib finite element models 
Model Bond Bar Crack 
Designation + Force Displacement Width 
(lb) (in.) (in.) 
4H-45 13377 0.00974 0.00257 
4H-22.5 13350 0.00972 0.00258 
8H-45 12892 0.00900 0.00515 
8H-22.5 12855 0.00895 0.00520 
8N-45 11801 0.00850 0.00520 
SN-22.5 11781 0.00850 0.00525 
16N-45 12065 0.00860 0.00519 
16N-22.5 12041 0.00860 0.00528 
+ Model Designation, #0-A 
# = number of sides on cross-section of bar ( 4, 8, or 16) 
0 = orientation of top side of bar (H = horizontal, 
N = not horizontal) 
A = angle between crack planes in concrete substructure, 
degrees (22.5 or 45) 
lib= 4.45 N; 1 in.= 25.4 mm 
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Table 7.3 
Multiple-rib fmite element models 
Embedded Substructure 1 in. Cover 2 in. Cover 
Length+ No. of No. of No. of No. of 
(No. ofRibs) Nodes Elements Nodes Elements 
0.82 in. Concrete 4296 2358 4560 2530 
(1 Rib) Reinf. Steel 1090 636 1090 636 
Crack Rods* 650 1647 738 1823 
Constraint Rods** - 1994 - 2170 
Interface*** - 32 - 32 
Total 6036 6667 6388 7191 
2.10 in. Concrete 4296 2358 4560 2530 
(3 Rib) Reinf. Steel 1090 636 1090 636 
Crack Rods* 650 1647 738 1823 
Constraint Rods** - 1994 - 2170 
Interface*** - 96 - 96 
Total 6036 6731 6388 7255 
4.02 in. Concrete 4296 2358 4560 2530 
(6 Rib) Reinf. Steel 1090 636 1090 636 
Crack Rods* 650 1647 738 1823 
Constraint Rods** - 1994 - 2170 
Interface*** - 192 - 192 
Total 6036 6827 6388 7351 
7.86 in. Concrete 4296 2358 4560 2530 
(12 Rib) Reinf. Steel 1090 636 1090 636 
Crack Rods* 650 1647 738 1823 
Constraint Rods** - 1994 - 2170 
Interface*** - 384 - 384 
Total 6036 7019 6388 7543 
+ Includes 112 in. lead length 
* No. of nodes shown are only those nodes not included in the concrete 
substructure 
** All nodes are included in the concrete substructure 
*** All nodes are included in the concrete or reinforcing steel substructures 
1 in: = 25.4 mm 
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Table 7.4 
Bond force (peak load) and corresponding values of bar displacement, 
crack width, and slips for multiple-rib finite element models 
Bond Bar Crack Loaded Unloaded 
No. of Cover Force Displacement Width End Slip End Slip 
Ribs (in.) (!b) (in.) (in.) (in.) (in.) 
I 1 23905 0.01360 0.00734 0.01270 0.01104 
3 I 27016 0.00960 0.00782 0.00843 0.00586 
6 I 31545 0.00880 0.00675 0.00714 0.00316 
12 1 39601 0.00993 0.00673 0.00769 0.00093 
1 2 27885 0.01481 0.00640 0.01357 0.01175 
3 2 32711 0.01440 0.01465 0.01377 0.00958 
6 2 38567 0.01374 0.01594 0.01269 0.00630 
12 2 45564 0.01423 0.01535 0.01266 0.00232 




_ Bearing area 
Rr - Shearing area 





Fig. 1.2 Representation of fracture energy, Gc, using a linear approximation for the 
stress-crack opening displacement relationship 
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Fig. 2.1 a Beam-end test specimen for evaluating the bond strength of reinforcing bars not confined by transverse 
reinforcement (I in.= 25.4 mm) 
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Fig. 2.1 b Beam-end test specimen for evaluating the bond strength of reinforcing bars confined by transverse reinforcement (I 
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Fig. 2.4 Machined bar deformation patterns for 1 in. (25 mm) diameter bars with increased rib width. Face angle= 60° for all 










































Fig. 2.6 Schematic ofbeam-end test apparatus, (a) plan view,(b) side view 
n 
204 
Fig. 2.7a Beam-end test specimen without transverse stirrups after failure. Cracks on 
the front face of specimen below the bar form an inverted V 
Fig. 2 .. 7b Beam-end test specimen with transverse stirrups after failure 
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Fig. 2.7c Beam-end test specimen without transverse stirrups after failure. Cracks on 
the front face of specimen below the bar form an inverted Y with vertical 
crack passing through the location of the test bar 
Fig. 2.7d Beam-end test specimen without transverse stirrups after failure. Cracks on 
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Figs. 2.8a&b Average load-loaded end slip curves for specimens with 7 112 in. (191 
mm) bonded length, 112 in. (13 mm) lead length, and 2 in. (51 mm) 
cover, (a) 5/8 in. (16 mm) bars with deformation patterns Mll-5, 
Ml2-5, and M13-5, (b) 5/8 in. (16 mm) bars with deformation patterns 
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Figs. 2.8c&d Average load-loaded end slip curves for specimens with 7 112 in. (191 
mm) bonded length, 112 in. (13 mm) lead length, and 2 in. (51 mm) 
cover, (c) 5/8 in. (16 mm) bars with deformation patterns M31-5, 
M32-5, and M33-5, (d) 1 in. (25 mm) bars with deformation patterns 
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Figs. 2.8e&f Average load-loaded end slip curves for specimens with 7 112 in. (191 
mrn) bonded length, 112 in. (13 mrn) lead length, and 2 in. (51 mrn) 
cover, (e) 1 in. (25 mrn) bars with deformation patterns M21-8, M22-8, 
and M23-8, (f) 1 in. (25 mrn) bars with deformation patterns M31-8, 
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Figs. 2.8g&h Average load-loaded end slip curves for specimens with 12 in. (305 
mrn) bonded length, 112 in. (13 mm) lead length, and 2 in. (51 mrn) 
cover, (g) 1 in. (25 mm) bars with deformation patterns Mll-8 and 
Ml!A-8, (h) 1 in. (25 mrn) bars with deformation patterns M12-8, 
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Figs. 2.8i&j Average load-loaded end slip curves for specimens with 12 in. (305 
mm) bonded length, 112 in. (13 mm) lead length, and 2 in. (51 mm) 
cover, (i) I in. (25 mm) bars with deformation patterns M31-8, M31D-
8, and M31E-8, (j) 1 in. (25 mm) bars with deformation patterns M32-
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Figs. 2.8k&l Comparison of average load-loaded end slip curves for specimens with 
112 in. (13 mm) lead length and 2 in. (51 mrn) cover, (k) 1 in. (25 mrn) 
.· bars with deformation pattern Mll-8, (1) 1 in. (25 mrn) bars with 
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Figs. 2.8m&n Comparison of average load-loaded end slip curves for specimens with 
1/2 in. (13 mm) lead length and 2 in. (51 mm) cover, (m) 1 in. (25 
mm) bars with deformation pattern M31-8, (n) 1 in. (25 mm) bars with 
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Fig. 2.8o Average load-loaded end slip curves for specimens with 12.5 in. (318 mm) 
embedment length containing threaded bars with deformation pattern T -8 
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Figs. 2.9a&b Average load-Wlloaded end slip curves for specimens with 7 1/2 in. 
(191 mm) bonded length, 112 in. (13 mrn) lead length, and 2 in. (51 
mm) cover, (a) 5/8 in. (16 mm) bars with deformation patterns Mll-5, 
M12-5, and Ml3-5, (b) 5/8 in. (16 mm) bars with deformation patterns 
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Figs. 2.9c&d Average load-unloaded end slip curves for specimens with 7 112 in. 
(191 mm) bonded length, 112 in. (13 mm) lead length, and 2 in. (51 
mm) cover, (c) 5/8 in. (16 mm) bars with deformation patterns M31-5, 
M32-5, and M33-5, (d) 1 in. (25 mm) bars with deformation patterns 
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Figs. 2.9e&f Average load-unloaded end slip curves for specimens with 7 1/2 in. 
(191 mm) bonded length, 1/2 in. (13 mm) lead length, and 2 in. (51 
mm) cover, (e) 1 in. (25 mm) bars with deformation patterns M21-8, 
M22-8, and M23-8, (f) 1 in. (25 mm) bars with deformation patterns 
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Figs. 2.9g&h Average load-unloaded end slip curves for specimens with 12 in. (305 
mm) bonded length, 1/2 in. (13 mm) lead length, and 2 in. (51 mm) 
cover, (g) 1 in. (25 mm) bars with deformation patterns M11-8 and 
MIIA-8, (h) I in. (25 mm) bars with deformation patterns M12-8, 
Ml2D-8, and M12E-8 (1 in.= 25.4 mm, 1 kip= 4.45 kN) 
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Figs. 2.9i&j Average load-unloaded end slip curves for specimens with 12 in. (305 
mm) bonded length, 112 in. (13 mm) lead length, and 2 in. (51 mm) 
cover, (i) 1 in. (25 mm) bars with deformation patterns M31-8, M31D-
8, and M31E-8, (j) 1 in. (25 mm) bars with deformation patterns M32-
8, M32B-8, and M32C-8 (1 in.= 25.4 mm, 1 kip= 4.45 kN) 
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Figs. 2.9k&l Comparison of average load-unloaded end slip curves for specimens 
with 112 in. (13 mm) lead length and 2 in. (51 mm) cover, (k) 1 in. (25 
mm) bars with deformation pattern Ml1-8, (l) 1 in. (25 mm) bars with 
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Figs. 2.9m&n Comparison of average load-unloaded end slip curves for specimens 
with 112 in. (13 mm) lead length and 2 in. (51 mm) cover, (m) 1 in. (25 
mm) bars with deformation pattern M31-8, (n) 1 in. (25 mm) bars with 




































Fig. 2.9o Average load-unloaded end slip curves for specimens with 12.5 in. (318 
mm) embedment length containing threaded bars with deformation pattern 
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Figs. 2.10a&b Average load-crack width curves for specimens with 7 112 in. (191 
rnrn) bonded length, 112 in. (13 rnrn) lead length, and 2 in. (51 rnrn) 
cover, (a) 5/8 in. (16 rnrn) bars with deformation patterns Mll-5, 
Ml2-5, and M13-5, (b) 5/8 in. (16 rnrn) bars with deformation patterns 
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Figs. 2.10c&d Average load-crack width curves for specimens with 7 112 in. (191 
mm) bonded length, 112 in. (13 mm) lead length, and 2 in. (51 mm) 
cover, (c) 5/8 in. (16 mm) bars with deformation patterns M31-5, 
M32-5, and M33-5, (d) 1 in. (25 mm) bars with deformation patterns 













-=--- -:;;..... ';;;.- -- --- - - -----------






Transverse h = 0.075 in. 
Stirrups 
R. = 0.20 
----- R. = 0.10 
-- R. = 0.05 
0.004 0.006 0.008 0.010 




















Transverse h = 0.1 00 in. 
Stirrups 
R. = 0.20 
----- R. = 0.10 
-- R. = 0.05 
0.004 0.006 0.008 0.010 
Crack Width, in. 
(±) 
Figs. 2.1 Oe&f Average load-crack width curves for specimens with 7 112 in. (191 
mrn) bonded length, 1/2 in. (13 mrn) lead length, and 2 in. (51 mrn) 
cover, (e) 1 in. (25 mm) bars with deformation patterns M21-8, M22-
8, and M23-8, (±) 1 in. (25 mm) bars with deformation patterns M31-
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Figs. 2.10g&h Average load-crack width curves for specimens with 12 in. (305 mm) 
bonded length, 112 in. (13 mm) lead length, and 2 in. (51 mm) cover, 
(g) lin. (25 mm) bars with deformation patterns Mll-8 and M11A-8, 
(h) 1 in. (25 mm) bars with deformation patterns M12-8, Ml2D-8, 
and M12E-8 (1 in.= 25.4 mm, 1 kip= 4.45 kN) 
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Figs. 2.10i&j Average load-crack width curves for specimens with 12 in. (305 rnrn) 
bonded length, 112 in. (13 mm) lead length, and 2 in. (51 rnrn) cover, 
(i) 1 in. (25 mm) bars with deformation patterns M31-8, M31D-8, and 
M31E-8, (j) 1 in. (25 mm) bars with deformation patterns M32-8, 
M32B-8, and M32C-8 (1 in.= 25.4 mm, 1 kip= 4.45 kN) 
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Figs. 2.1 Ok&l Comparison of average load-crack width curves for specimens with 
112 in. (13 mm) lead length and 2 in. (51 mm) cover, (k) 1 in. (25 
mm) bars with deformation pattern Mll-8, (1) 1 in. (25 mm) bars with 
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Figs. 2.10m&n Comparison of average load-crack width curves for specimens with 
112 in. (13 mm) lead length and 2 in. (51 mm) cover, (m) 1 in. (25 
mrn) bars with deformation pattern M31-8, (n) 1 in. (25 mm) bars 
with deformation pattern M32-8 (1 in.= 25.4 mm, I kip= 4.45 kN) 
229 













R. = 0.28 Cover Lead Transverse 
Length Stirrups 
2 in. 0.5 in. 4-No. 3 
2 in. 0.5 in. None 
- - - - - 3 in. 0.5 in. None 





Fig. 2.10o Average load-crack width curves for specimens with 12.5 in. (318 mm) 
embedment length containing threaded bars with deformation pattern T-8 
(1 in.= 25.4 mm, 1 kip= 4.45 kN) 
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Fig. 2.11a Crack width before failure versus rib height for specimens with 7.5 in. (191 mm) bonded length without transverse 
stirrups (1 in.= 25.4 mm) 
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Fig. 2.12a Crack width after failure versus rib height for specimens with 7.5 in. (191 mm) bonded length without transverse 
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Fig. 2.!2b Crack width after failure versus rib height for specimens with 7.5 in. (191 mm) bonded length with transverse 
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Fig. 2.13a Crack width before failure versus relative rib area for specimens with 7.5 in. (191 mm) bonded length without 
transverse stirrups (1 in. = 25.4 mm) 
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Fig. 2.13b Crack width before failure versus relative rib area for specimens with 7.5 in. (191 mm) bonded length with 
transverse stirrups (I in.= 25.4 mm) 
N w 
U) 
0.4 5/8 in. bars 
0 h = 0.031 ln. 
0 h = 0.047 in. 
h. h = 0.063 in. 
· L _J 1 in. bars 
. c 0.3 1 1 IIIII h = 0.050 ~n. 
• h = 0.075 ln. 
~ I I A h = 0.100 in . ..c 
+-' 
"'0 
~ 0.2~ ... ... -• 
~. ' ... 
o • I ~ o h. I a, 
0.8 .00 0.05 0.1 0 0.15 0.20 0.25 
Relative Rib Area 
Fig. 2.14a Crack width after failure versus relative rib area for specimens with 7.5 in. (191 mm) bonded length without 
transverse stirrups (1 in.= 25.4 mm) 
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Fig. 2.14b Crack width after failure versus relative rib area for specimens with 7.5 in. (191 mm) bonded length with 
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Fig. 2.15a Average modified bond strength versus relative rib area for specimens with 7.5 in. (191 mm) bonded length 
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Fig. 2.15b Average modified bond strength versus relative rib area for specimens with 7.5 in. (191 mm) bonded length with 
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Fig. 2.16a Ratio of test to base bond strength versus ratio of rib width to center-to-center rib spacing for specimens with 12 
in. (305 mm) bonded length without transverse stirrups 
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Fig. 2.16b Ratio of test to base bond strength versus ratio of rib width to center-to-center rib spacing for specimens with 12 
in. (305 mm) bonded length with transverse stirrups 
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Fig 2.18 Average modified bond strength versus relative rib area for specimens with transverse stirrups [cover= 2 in. (51 
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Fig. 3.2 Reinforcing bar deformation patterns, No.5 and No. 11 (16 and 36 nnn) bars 
1111111111 
247 
splice length contains 









Side View e (a) 
l--b--11_ 
IT D L2in. 11 reb 
l--b--11_ 
IT D L2in. 11 reb 
Ceo-!1- T 
2eo~ 
Cec-I'J I T 
' .I 2co~ .I 
e Section A-A e Section A-A 
l--b--11_ 
TT D L2in. h d 11 reb 
Cec-Il- T 
2co~ 
e Section A-A 
(b) 
Fig. 3.3 Splice test specimens. (a) as tested, (b) configurations as cast (1 in.= 25.4 mm) 
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Fig. 3.4b Load-deflection curves for splice specimens in Group 13 (1 kip= 4.45 kN, 1 in.= 25.4 mm) 
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Fig. 3.4f Load-deflection curves for splice specimens in Group 17 (1 kip= 4.45 kN, 1 in.= 25.4 mm) 
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Fig. 3.5 Cracked splice specimens after failure, (a) without confining reinforcement, 
(b) with confining reinforcement 
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Fig. 3.9 Mean slope from Eq. 3.2, M, versus relative rib area, R" for No.5, No.8, and No. 11 (16, 25, and 36 mm) bars cast in 
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Fig. 5.2 Moment-rotation test specimens, (a) as tested, (b) configurations as cast (I 
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Fig. 5.8 Crack patterns for east half of beams with two No. 8 (25 mm) bars, p = 0.43Pbal: (a) R, = 0.069, (b) R, = 0.119 
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Fig. 7.2 Cracking modes, (a) Mode I, (b) Mode II, (c) Mode III (after Barsom and 
Rolfe 1987) 
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Fig. 7.5 Stress-strain curve for crack rod elements (1 in. = 25.4 mm, I ksi = 6.89 
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Fig. 7.7 Crack and constraint rod elements on nonvertical crack planes 
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Fig. 7.8 Three-dimensional interface link element (after Lopez eta!. 1994) 
CJs 
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \1\ \ \ \ \ \"')::..":'>,'>"" ' c • ()N 




CRACK ROD NODES 
ALONG PLANE OF 
SYMMETRY CONSTRAINED 
IN X DIRECTION 
NODES AT BOTIOM 









BOTIOM PLANE OF 
MODEL CONSTRAINED 


















Fig. 7.11 Finite element mesh for single-rib model, (a) reinforcing steel substructure, 
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Fig. 7.22 Deformed shape for 16N-45 model 
at peak load 
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Fig. 7.23 Defom1ed shape for 411-22.5 modd 
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Fig. 7.26 Finite element mesh for multiple-rib model with 2 in. (50.8 mm) cover, (a} 
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Fig. 7.32 Deformed shape for multiple-rib model with 6 ribs and I in. (25.4 mm) cover, (a) at peak load, (b) bar displacement 
= 0.012 in. (0.305 mm) 
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Fig. 7.34a Average normal stress in interface elements around perimeter of bar for 3 rib model with 2 in. (50.8 mm) cover: 
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Fig. 7.34b Average normal stress in interface elements around perimeter of bar for 3 rib model with 2 in. (50.8 mm) cover: 
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Fig. 7.34c Average normal stress in interface elements around perimeter of bar for 3 rib model with 2 in. (50.8 mm) cover: 





APPENDIX A: METHOD FOR MEASURING THE RELATIVE RIB AREA 
OF REINFORCING BARS 
A.l General 
Measurements of the gap width, rib spacing and rib height are used to 
calculate the relative rib area of reinforcing bars, which is defined as the ratio of the 
projected rib area normal to the bar axis to the product of the nominal bar perimeter 
and the average center-to-center rib spacing. The rib heights are measured at ten 
points around the perimeter of the bar (Fig. A.1), which include points at 45, 90 and 
135 degrees relative to a line between the center of the longitudinal ribs and at the 
base of each longitudinal rib. These measurements are used in equations that describe 
the radii to the outside of the ribs and to the barrel of the bar which are used, in turn, 
to calculate the bearing area of the ribs. 
A.2 Bar Preparation 
A sample of the bar, approximately three feet long, is selected and cleaned to 
remove dust and debris. The bar is cut so that the bases of the longitudinal ribs are 
exposed at one end of the bar. Lines are drawn on the end of the bar to mark the 10 
positions around the perimeter of the bar where measurements are to be taken (Fig. 
A.1). First, a line is drawn which connects the center of the two longitudinal ribs (the 
base line); the midpoint of this line is treated as the centroid of the bar. Lines are then 
drawn at 45, 90 and 135 degrees relative to the base line, passing through the 
centroid. The bases of the longitudinal ribs provide the final four positions for 
obtaining measurements (Fig. A.1 ). These lines are used to align the bar so that rib 
height measurements can be taken at these points around the perimeter. 
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A.3 Measuring Setup 
A steel angle and a dial gauge with a pointed tip are used to measure the rib 
heights (Fig. A.2). The angle is firmly attached to a table and is used to hold the bar 
at the desired orientation as the measurements are being taken. The dial gauge is 
mounted on a stand with a magnetic base and positioned so that the tip is directly 
above the centroid of the bar when the bar is placed in the comer of the angle. 
A.4 Measurement Method 
The bar is positioned against the side of the angle so that the tip of the dial 
gauge is aligned with one of the ten positions around the perimeter of the bar. Once 
the bar is positioned correctly, locking pliers are attached to the bar and used to 
maintain the desired orientation; the pliers are positioned on the bar so that the 
outside of one jaw rests against the bottom of the angle. This procedure helps 
maintain the correct bar orientation as measurements are taken at successive ribs. 
The distance from the steel angle to the top of a rib or the barrel of the bar is 
measured at ten locations, evenly distributed along the length of the bar. Rib heights 
are equal to the difference between measurements taken at the top of the rib and the 
barrel of the bar (midway between the measured rib and an adjacent rib). Readings 
are taken until all ten ribs are measured at the current angle. The bar is then rotated to 
the next measuring position. The process is repeated for all ten positions around the 
perimeter of the bar. The rib and barrel measurements for each orientation are 
averaged to obtain a representative rib profile for the bar. If the stroke of the dial 
gauge is not sufficient to measure the entire distance from the steel angle to the tops 
of the ribs, the vertical distance between the angle and the tip of the dial gauge at zero 
reading is measured. This distance is then added to all dial gauge readings. 
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The center-to-center rib spacing and gap width for the longitudinal ribs are 
measured using calipers. The rib spacing is determined by measuring the distance 
between the faces of two widely separated ribs and dividing by the number of ribs in 
this distance. The gap widths are measured at the points where the longitudinal ribs 
meet the barrel of the bar. Five evenly spaced measurements are taken for each rib 
and averaged. 
If the bar has an extra longitudinal rib (or ribs), such as for designating the 
steel grade, the height and width are also measured. The height is determined by 
taking the difference between a measurement at the top of the rib and the average of 
measurements on both sides of the rib where it meets the barrel of the bar. The width 
is measured similar to the gap width. Measurements on extra longitudinal ribs are 
taken midway between transverse ribs at ten locations along the bar. 
A.S Calculations 
The measurements described in the previous section are used to calculate the 
relative rib area of the bar, R., which is defined as 
R = projected rib area normal to bar mds 
r nominal bar perimeter x center- to- center rib spacing 
(A.l) 
where the nominal bar perimeter is the product of 1t and the nominal bar diameter. 
The first step in determining the projected rib area is to determine the radii of 
the bar to both the barrel and the top of the ribs. This is done by first determining the 
diameter of the bar to the outside of the ribs, at each of the positions measured around 
the perimeter of the bar. Next, by assuming that the barrel of the bar is symmetric 
about the centroid, the radius of the barrel at each orientation can be determined by 
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subtracting the average rib heights along each diameter from the appropriate diameter 
and dividing by two. The outside radius to the top of the ribs for each of the ten 
orientations is determined by adding the rib height to the appropriate barrel radius. 
Note that this does not result in a symmetric rib radius about the centroid, but gives 
the rib radius at ten points around the perimeter of the bar. 
The next step is to determine the angles, a, between the base line and lines 
from the centroid of the bar to the points where the longitudinal ribs meet the barrel of 
the bar (Fig. A.3). This angle is determined on each side of the base line for each 
longitudinal rib from 
. ( 0.5 x average gap width ) a = arcsm 
radius of the barrel next to the longitudinal rib 
(A.2) 
The projected rib area is calculated by dividing the bar into four quadrants, 
with each quadrant encompassing an area 90 degrees on either side of the center of a 
longitudinal rib. The projected rib area for each quadrant is calculated by fitting an 
equation to the radii of the rib and barrel of the form 
r = A + B8 + C82 + D83 (A.3) 
where r is the radius of either the rib or barrel of the bar, 8 is the angle defined as 0 on 
a line perpendicular to the base line passing through the centroid (Fig. A.3) and A, B, 
C and Dare constants. The constants are determined from the following constraints: 
I) at 8 = 0, r = the radius of the rib or barrel at 8 = 0 (position 3 or 8 in Fig. 
A!) 
2) at e = 0, dr/d8 = 0 
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3) at 8 = n/4, r =the radius of the rib or barrel at 8 = n/4 (position 2, 4, 7 or 9 
in Fig. A.1) 
4) at 8 = n/2 - a, r =the radius of the rib or barrel where the longitudinal rib 
meets the barrel of the bar (position 1, 5, 6 or 10 in Fig. A.1) 
The projected rib area, AP for each quadrant of the bar is then calculated from 
AP 
rt/2-a. 2 rt/2-a. 2 
f rrib d9 - f 'bar d9 
0 2 0 2 
(A.4) 
where rrib and rbar are the radii of the rib and barrel (r in Eq. A.3) as a function of 8. 
The values of AP are summed for the four quadrants to obtain the total bearing area of 
the rib which is then used in Eq. A.1 to calculate R,. 
If the bar contains an extra longitudinal rib (or ribs), the area of this rib is 
subtracted from the total projected bearing area. It is assumed that this rib has a 
parabolic cross-sectional shape with an area equal to 2/3 of the product of the width 
and the height. 
3 
5 1 base line 
6 1 0 
8 
Fig. A. I Ten positions around the perimeter of the bar where measurements are 
taken 
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Fig. A.2 Schematic of measuring setup 
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Fig. 13.2 Moment-rotation curves for moment-rotation test specimen 16.6, p = 0.43Pbal (I kip-ft = 1.356 kN-m) 
200r-------~---------.--------~------~ 
I -------/ --, 3 No. 8 bars 
1 \ R,=0.069 
I \ East half 










~ 100 I 
c I I 
OJ I I E ) I 
o I I 










0.02 0.04 0.06 0.08 
Rotation, rad. 





'---------- ...... 3 No. 8 bars I 
I -- R,=0.119 "' I "' East half I ' ------ West half ........ 150 I ' 4- "' I I '- ........... 
0... ' ........... ·- I \ ..:::£. I \ 
......; 100 \ 
' \ c \ ()) I \ 
E I I 
0 I I I 








0.02 0.04 0.06 0.08 
Rotation, rod. 


























































Data and test/prediction ratios for developed and spliced bars 
without confining reinforcement (cited in section 6.2.-1) 
<\, A, C,u c., '• b h d f, r, f, f, f, f,(test) 
(test) 
(in.) (in.) (in.1) (in.) (in.) (in.) (in.) (irt_) lin.) (psi) (ksi) (ksi) 
{ACl '95) (Eq. 3.1-1-} f,(ACI '95) 
{ksi) (ksi) 
5.50 G.375 0! 10 1.470 
5.50 0.375 0.1!0 1.470 
7.00 0.750 0.440 L060 
7.00 0.750 0.440 !.125 
7 00 0.750 0.440 I 095 
11.00 0.750 0.440 2.905 
11.00 0.750 0.440 !.095 
ILOO 0.750 0.440 2.875 
1!.00 1).750 0.440 2.905 











11.00 0.750 0.440 1.500 0.500 \.500 9.00 
l 1.00 0.750 0.440 1.875 1.470 1.25 
11.00 0.750 0.440 1.560 LS20 4.62 
11.00 0.750 (1.440 1.095 1.560 3.69 
11.00 0.750 0 440 2.00() uoo 5 50 
11.00 0.750 0.440 t.soo 0.625 U60 7.25 
11.00 0.750 0.440 1.060 1.270 3.62 
11.00 0.750 0.440 1.500 0.625 1.4SO 725 
11.00 0.750 0.440 1.060 
12 . .50 0.750 0.440 !.060 
16.00 0.750 0.440 1.125 
16.00 0.750 0.440 \.095 
16.00 0.750 0.440 2.905 
16.00 0.750 0.440 1.060 
16.00 0.750 0.440 2.875 
16.00 0.750 0.440 1.095 
16.00 0.750 0.440 uoo 
16.00 0.750 0.440 2.940 
24.00 0.750 0.440 1.060 
24.00 0.750 0.440 1.095 
24.00 0.750 0.440 1.060 















4700 79.00 60.35 41.90 
4410 7'.t.OO 48.95 32.30 
4370 57.00 26.27 !9.68 
4230 57.00 26.95 20 2J 
4480 57.00 23 89 16.31 
4820 57.00 48.93 JL07 
4820 57.00 32.63 27.27 
4290 57.00 42.24 
4480 57.00 43.35 
74W 57.00 44.60 
4350 57.00 36.86 
4700 57.00 46.05 
3!60 57.00 28.16 
3!60 57.00 27.62 
4180 57.00 44.34 
4340 57.00 33.17 
4450 57.00 33.85 
4570 57.00 35.95 
4380 57.00 34.98 
3800 57.00 36.86 
4530 57.00 45.70 
3580 57.00 39.7J 
4230 57.00 59.93 
4450 57.00 39.23 
4450 57.00 43.1& 
7480 57.00 52.88 
4470 57 00 46 84 
5280 57.00 50.55 
5100 57.00 5&.2.5 
5100 57.00 55.87 
3800 57.00 54 99 


























6.00 0.500 0.200 0.500 
6.00 0.500 0.200 0.750 
6.00 0.500 0.200 0.500 
6_00 0.500 0.200 0.750 
6_00 0.500 0.200 1.000 
10.67 0.500 0.200 0.500 
10.67 0.500 0.200 0.500 
1G.67 0.500 0 200 0.750 
\0.67 0.500 0.200 l.OOO 
1.000 6.00 6.00 -US 4470 























12.00 0.500 0.200 2.000 0.500 
16.00 0.750 0.440 0.750 
1.000 6.00 6.00 4 75 
1.000 6.00 6.00 J 75 
1.000 6.00 6.00 J.75 
1.000 6.00 6.00 -U5 
1.000 6.00 6.00 -l-.75 
1.000 6.00 6.00 J 75 
1.000 6.00 6.00 J.75 
1.000 6.00 6.00 J 75 
1.000 9.00 9.00 7.63 
6_00 0.500 0.200 0.500 1.500 1.000 6.00 6.00 4 75 
6.00 0.500 0.200 0.500 1.000 1.000 6.00 6.00 J 75 
6.00 0.500 0.200 0.500 0.500 I .000 6 00 6.00 J 75 
6.00 0.500 0 200 2.500 1.000 6.00 6.00 J 75 
6.00 0.500 0.200 2.250 
6_00 0.500 0.200 2.000 
1.000 6.00 6.00 ~ 75 









































































































































18.00 1.000 o.790 3.250 3.265 uso n.o3 14.97 t:..n 3470 9900 41.32 
24.00 1.000 o.79o 3250 3.3\0 1.670 11.12 J5.D3 1:s6 3530 9900 5888 
30.00 1.000 0.790 3.250 3.295 1.530 17.09 14.97 11.9-4 )030 7JOO 52.78 
2 3600 1.000 0.790 3250 3330 1.410 1716 1500 \309 4650 6350 66.34 
3600 I.ooo o_790 3.250 1.220 !AOO 16.94 15.03 u 13 3770 noo 61.30 
36.00 1.000 0.790 1.420 1.425 1.380 9.69 15.09 1321 3J60 noo 54 65 
39.00 1.000 0.790 3.250 3.2SO !.530 17,06 15.09 13.06 3650 63.50 72.90 
42.00 !.000 0.790 3.250 3345 1.500 17.19 1509 !309 2660 63.50 65.93 
42.00 1.000 0.790 3.250 ).330 1.450 17.16 l.S.Q3 13 08 3830 63.50 73.54 
42.00 1.000 0790 3.250 3.345 1.560 17.19 15.00 lZ.94 33\0 9900 71.01 
4800 1.000 0.790 3250 3.265 1.480 17.03 !5.00 1302 3040 9'.1.00 72.88 
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Table C. I 
Data and test/prediction ratios for developed and spliced bars 
without confining reinforcement (continued) 
db Ab c," c,; '• b h d r, r, f, f, f, f,(test) 
(test) (ACI'95) (Eq. 3.14} f,(AC! '95) 
(in.) (in.) (inh (in.) (in.) (in.) (in.) (in.) (in.) (psi) (ksi) (ksi) (ksi) (ksi) 
80.00 1.000 0.790 3.250 3.265 ].50(} 17.03 15.03 13.03 3740 99.00 96.41 130.47 
33.00 1.410 1.560 4.590 4_635 1.670 24.09 J8 09 \5_72 3720 93.00 SUI 32.06 
4L25 1.4!0 1.560 4.590 4.635 !.310 24.09 18.09 \6.08 4030 93.00 5UO 35.39 
49.50 !.410 1.560 4590 -1.635 1.500 2-f.09 1800 !5.79 4570 73.00 64.16 49.48 
49.50 1.410 I 560 4.590 4 605 1.470 2~.03 18.00 15.83 3350 65.00 59.20 41.79 
51.15 1.410 1560 4.590 4.590 1.480 24.00 18.00 15.82 3530 65.00 63.61 50.28 
66_00 1.410 I .560 4 590 4.620 1.530 24.16 !8.03 15.80 3140 73.00 74.56 55.44 
66.00 1.410 1.560 4.590 ~-665 1..580 24.15 18.22 15.93 3330 65.00 72.24 58.37 
66.00 1.410 l.560 4.590 4 670 1500 24.16 18.03 15.83 5620 93.00 82.22 73.17 
66.00 1.410 !.560 4590 4.700 2.060 24.12 18.19 15.43 3100 93.00 7L43 68.14 
82.50 1.410 1.560 4.590 4.575 !.590 23.97 18.09 !5 83 26!0 73.00 84.80 64.87 















2 82.50 1.410 1.560 4.590 -1.590 1.410 24_00 18.12 16.01 2690 93.00 74.61 60.69 
2 82.50 1.410 \.560 4.590 -1.575 ].750 24.00 JS.03 15.58 3460 93.00 87.80 79.90 





12.00 0.750 0.440 2.000 2.000 2.000 33.00 !3.00 10.63 3730 61.70 57.40 
18.00 1.000 0.790 2.000 2.000 3.000 36_00 IJ.OO 9.50 4710 5930 56.26 
!8.00 1.000 0.790 1500 2.000 3.000 36.00 13 00 9.50 2920 59.30 49.33 
24.00 1.000 0.790 2.000 2.000 2.000 36.00 13.00 10.50 3105 59.30 50.64 
25.00 1.410 1.560 3.000 3.000 2.000 44.06 13.01 10.30 3910 66.30 44.19 
30.00 1.410 1.560 2.000 2.000 2.000 40.88 13.01 10.30 1S65 6050 37_99 








4 30.00 1.410 1_560 2.700 2.000 2.000 44.88 13.01 10.30 4420 63.30 57.59 
6 45.00 1.410 1.56(1 2.000 2.000 1.000 40.88 !3.01 11.30 352(1 60.50 45.28 
60.00 1.693 2.250 2.000 2.000 2.000 37.50 16.15 1330 2865 57.70 45.23 




Choi c:ta.!. {199{)a, 1991) 
16.00 1.128 LOOO 2.000 IA13 2.000 27.25 16.00 13_44 5650 62.80 47.56 






















12.00 0625 0.310 2.000 2.000 1.000 10.50 16.00 1469 5360 63.80 61.51 4920 
12.00 0.625 0.310 2.000 2.000 1.000 15.75 16.00 14.69 5360 63.80 63_99 49.20 
12.00 0.750 0.440 2.000 2.000 !.000 1!.00 16.01 14.63 6010 70.90 51.40 37.90 
12.00 o.75!l 0.440 2.ooo 2.000 t.ooo tt.oo !6_01 14_63 60!0 63.80 45.75 37.90 
16.00 1.000 0.790 2.000 2.000 1.500 12.00 16.00 1400 5980 63.80 43.02 32.99 
16.00 !.000 0.790 2.000 2.000 1.500 12.00 14.00 12.00 5980 67_00 42.82 31.99 
24.00 1.410 1.560 2.000 2.000 2.000 13.65 16.01 13.30 5850 63.10 37.82 33.30 










!6.00 !.000 0 790 2.000 !.500 2.000 16.00 16.00 13.50 5990 
16.00 1.000 0.790 2.000 1.500 1.840 16.00 1633 13_99 6200 
16_00 1.000 0.790 2.000 1.500 2.040 16.09 16_23 !3 69 6020 
16.00 1.000 0.790 2.000 1.500 2.100 16.08 16 22 13.62 6450 
16.00 1.000 0790 2.000 1.500 2.050 16.09 1627 13_72 5490 
21.15 1.000 0.790 2.000 uoo 2.150 16.06 16.19 13.54 5850 








2a 3 29.53 0.992 0.775 !.827 0 994 2.{)08 13.58 12.99 10 49 3958 64 52 58.56 
2b 3 29.53 0992 0.775 1.827 0.99ol 2.008 13.58 !2.99 10.49 3799 64.52 58.63 
5a 3 35.43 1.177 1.085 !.819 Ll83 2.008 15.43 20.00 17.40 40Jl 68.87 56.08 
5b 3 4429 !.177 L085 1.819 l.l83 2.008 15A3 20.00 IHO 3716 68_87 65.83 
Azizinanuru <!I al. (1993) 
88--3-5-23 2 23.00 1.000 0_790 LOOO 1.500 1.000 9.00 14.00 12.50 5290 7H5 47.01 
ABSJ--8-!5-11 2 41.00 1.000 0_7'}0 1.000 1}00 1.000 900 !4.00 12.50 15120 77.85 73_07 
BB-11-5-24 1 24.00 1.410 1.560 1.410 !.770 1.410 12.00 16.00 !3 89 5080 70.80 29.73 
88-11-5-40 1 40.00 lAID 1.560 1410 !770 1.410 12.0016.00 13&9 5080 70.80 ~303 
BS.IH2-24 2 24.00 1.410 L560 JAto l 770 UIO 12.00 16.00 IJ 89 12730 70 80 44.72 
B-11-!2-W 2 4000 1.410 !560 lAIO 1.770 1.410 12.00 16_00 !H9 13000 70_80 5878 
BB-!!-11-15 3 45.00 1.410 1.560 1.410 !680 1.410 18.00 !8.00 1589 10900 70_80 48.90 
BB-11-15-36 3 36_00 1.410 1.560 1410 !680 1.410 U.OO 1800 1589 14550 70_80 57_34 
36.00 1.410 I 560 l ~10 I 680 L410 18.00 18.00 15 89 6!10 73.72 46.75 



























1300 1.410 1.560 1.410 [_770 1.410 12.00 1600 13.89 14330 73.72 30.06 IS_44 
51.50 1.410 U60 l.410 I 770 1.410 12.00 16.00 13 89 13870 73.72 71.66 8U6 
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Table C.l 
Data and test/prediction ratios for developed and spliced bars 
without confining reinforcement (continued) 
<\, A, '· C,; '• b h d r, r, f, f, f, f,(test) 
(test) (ACl '95) (Eq. 3.14") f.(ACI'95) 
(in.) (in.) (in.2) (in.) (in.) (in.) (in.) (in.) (in.) (psi) (ksi) (ksi) (ksi) (ksi) 
!dun and Dan'<ln {1995) 
u z 16.00 1.000 0.790 2.969 2.938 2.938 \6.08 17.22 13.76 5010 67.70 51.63 31.79 49.33 !.366 
L2 z 16.00 1.000 0.790 2.032 2.281 1.938 24.06 16.25 13.79 5020 67.70 -14 60 36.85 39.63 L210 
\.3 3 J6J){I LOOO 0.790 2.032 !.438 1.938 16.07 16.11 13.75 5020 67.70 45.01 29.29 34.79 1_537 
ZA z 24.00 LOOO ll.790 2.000 !.914 1.313 12.13 15,64 13.79 5250 75.40 54.08 42.04 42.8.:1 !.286 
2.5 z 24.00 ]_()00 0.790 2.063 1.856 1.813 12.13 16.01 13.67 5250 75.40 58.67 53.63 50.20 !.09-l 
45 z 24.00 !.000 0.790 2.063 1.936 !.844 12.12 16.15 13.79 4090 67.70 51.06 47.97 47.59 \.004 
65 z 24.00 !.000 0,790 2.000 1.906 1.969 12.\0 16.\3 !3.63 4220 75.40 53.59 50.02 48.82 l.07l 
"·' z 24.00 I. 000 0. 790 2. 000 1.953 2.000 12.11 !6.05 \3.53 3830 n.oo 61.47 48.58 48 29 \.265 10.1 2 16.00 !.000 0.790 1.063 1.875 1.933 12.13 16.25 !3.7S 4250 80.60 61.17 53.67 51.24 1.140 
Current St\ldy 
13.4 J 16.00 0.615 0.310 1.094 1.016 1.354 12.19 15.60 13.92 4110 61.80 59.96 58.11 46.57 1.032 
14.3° J 17.00 0.615 0.310 2.032 1.031 1.295 12.14 15.51 13.89 4200 6UO 62.84 63.17 49.19 0.995 
15.5 z 40.00 1.410 1.560 3.063 1.984 \.90S !S.OS 16.12 13.47 5250 80.60 54.12 50.79 48.39 1.066 




St. Dev. 0.254 
cov 0.203 
• Specimens with f, > fy 




Eq. 3.14 = = c 
db 72 ( c + Ktr) 
db 





















Table D. Ia Table D.Ja 
S(llice data for beams in lateral load resisling frame system Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars' Cover Transverse Reinf. 
Splice Top A Bars B Bars '• '· c,; A1/n s f, 
Spliced Bars' Cover Transverse Rein f. 
Splice Top A Bars B Bars '• '• c,; A)n s f, No. Boc # bars db (in.) # bars db (in_) (in.) (in.) (in.) (in.l) (in.) (psi) -
I y 4 1410 4 1.410 2.125 NA 2.410 0.310 15~06000 41 y 4 1.410 6 1.410 2.125 NA 1.940 0.155 9.0 5000 2 N 2 I A 10 2 1.410 2.125 2.125 2.600 0.155 15 0 6000 42 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 5000 3 N 2 1.128 2 1.128 2.125 2.125 2.600 0.155 15.0 6000 43 y 4 1.270 4 1.410 2.000 NA 2.550 0_200 13.0 5000 
4 y 4 1.410 4 1.410 2.125 NA 2.410 0310 15.0 6000 44 N 4 1.270 4 1.410 2.000 2.000 2.550 0.!00 13.0 5000 
5 N 2 1.410 2 1.410 2.125 2.125 2.600 0.155 15.0 6000 45 y 4 1.270 4 1.410 2.000 NA 2.550 0.200 13.0 5000 
6 N 2 I. 12& 2 1.128 2.125 2.125 2.600 0.155 15.0 6000 46 N 4 1.270 4 1.410 2.000 2.000 2.550 0.100 13.0 5000 
7 y 6 1.410 6 1.410 2.125 NA 0.&80 0.207 13.0 6000 47 y 4 1.128 4 1.410 2.125 NA 2.600 0_310 150 5000 
8 N 4 1.270 6 1.270 2.125 2.125 2.180 0310 13.0 6000 48 N 4 1.270 4 1.270 2.125 2.125 2.650 0.155 15.0 5000 
9 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 49 y 4 1.128 4 1.410 2.125 NA 2.600 0310 15.0 5000 
10 N 4 I .270 6 !.270 2.125 2.125 2.1SO 0.310 13.0 6000 50 N 4 1.270 4 1.270 2.125 2.125 2.650 0_155 15.0 5000 
II y 6 I .410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 51 y 4 1.270 4 1.270 2.000 NA 2.690 0.200 15.0 5000 
12 N 4 1.270 6 I .270 2.125 2.\25 2_180 0.310 13.0 6000 52 N 2 1.128 2 1.128 2.000 2.000 2.730 0.100 15.0 5000 
13 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 53 N 2 1.270 2 1.270 2.000 2.000 2.730 0.100 15.0 5000 
14 N 4 1.270 6 1.270 2.125 2.125 2.180 0.310 13.0 6000 54 y 4 1.270 4 1.270 2.000 NA 2.690 0.200 15.0 5000 15 y 4 1.270 6 1.270 2.125 NA 2.080 0.310 15.0 6000 55 N 2 1.128 2 l.l28 2.000 2.000 2.730 0.100 15.0 5000 
16 N 4 1.410 4 1.410 2.125 2.125 2.4!0 0.310 15.0 6000 56 N 2 1.270 2 1.270 2.000 2.000 2.730 0.100 15.0 5000 
17 y 4 I 270 6 1.270 2.125 NA 2.080 0.310 15.0 6000 57 y 2 1.270 2 1.410 2.125 NA 2.460 0_310 9.0 6000 w N IS N 4 1.410 4 1.410 2.125 2,125 2.410 0.310 15.0 6000 58 y 2 1.410 2 1.410 2.125 NA 2_460 0.310 9.0 6000 v. 
19 y 4 1.270 6 1_270 2.125 NA 2.080 0.310 15.0 6000 59 N 2 1.128 2 1.128 2.125 2.125 2.900 0.155 9.0 6000 20 N 4 1_270 4 1.410 2.125 2.125 2.510 0.310 15.0 6000 60 N 2 1.270 2 1.270 2_125 2.125 2.900 0.155 9.0 6000 
21 y 4 1.270 6 1.270 2.125 NA 2_080 0.310 15.0 6000 61 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 90 6000 22 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 15.0 6000 62 N 2 1.128 2 1.128 2.125 2.125 2.900 0_155 9.0 6000 
23 y 4 1.410 6 1.270 2.125 NA 2.080 0.310 15 0 6000 63 N 2 1.270 2 1.270 2_125 2.125 2.900 0.155 9.0 6000 
24 N 4 I .410 4 1.410 2.125 2.125 2.510 0.310 15.0 6000 64 y 4 1.410 4 1.4\0 2.125 NA 2.410 0.310 9.0 6000 
25 y 4 1.410 6 1_270 2.125 NA 2.080 0.310 15.0 6000 65 N 2 1.128 2 1.128 2.125 2.125 2.900 0.155 9.0 6000 
26 N 4 1.410 4 1.410 2.125 2.125 2.510 0.310 15.0 6000 66 N 2 1.270 2 1.270 2.125 2.125 2.900 0.155 9.0 6000 27 y 4 1.270 6 1.270 2.125 NA 2.080 0.310 15.0 6000 67 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 90 6000 
28 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 68 N 2 I. 128 2 1.128 2_125 2.125 2.900 0.155 90 6000 29 y 4 1_270 6 1.270 2.125 NA 2.080 0.310 15.0 6000 69 N 2 1.270 2 1.270 2_125 2.125 2.900 0.155 9.0 6000 30 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15_0 6000 70 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 90 6000 31 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 15.0 5000 71 N 2 1.128 2 1.128 2.125 2.125 2.900 0.155 9.0 6000 32 N 4 1.270 6 1.270 2.125 2.125 2.080 0.310 15.0 5000 72 N 2 1.270 2 1.270 2.125 2.125 2.900 0.155 9.0 6000 33 y 4 1_410 6 1.410 2.125 NA 1.940 0.310 15.0 5000 73 y 2 1.270 2 1.410 2.125 NA 2.460 0.310 9.0 6000 34 N 4 1.270 6 1.270 2.125 2.125 2.080 0.310 15.0 5000 74 y 2 1.410 2 1.410 2.125 NA 2.460 0.310 9.0 6000 35 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 15.0 5000 75 N 2 1.128 2 1.128 2.125 2 125 2900 0.155 9.0 6000 36 N 4 1_270 6 1.270 2.125 2.125 2.080 0.310 15.0 5000 76 N 2 1.270 2 1.270 2_125 2_125 2.900 0.155 9.0 6000 37 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 150 5000 77 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.5 6000 38 N 4 1.270 6 1.270 2.125 2.125 2.080 0.310 15.0 5000 78 N 4 1.410 4 1.410 2.125 2.125 2.410 0.207 10.5 6000 
39 y 4 1.410 6 1.410 2.125 NA 1.910 0.155 9.0 5000 79 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 6000 40 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 5000 80 N 4 1.410 4 1.410 2.125 2_!25 2.410 0.310 12.0 6000 
No. Ba' #bars db (in.) #bars db (in.) (i~} (in.) (in_) (in. 2) (in.) (psi) 
Table O.la Table D.la 
SJllice dnta for beums inlatentlloud resisting frame system (continued) Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars* Cover Transverse Reinf. 
Splice Top A l3i1rS 13 Bars c, c Cs; Ajn ' r, w 
Spliced Bars* Cover Transverse Reinf. 
Splice Top A Bars B Bars c, '• c.; A1/n s r, 
No Bac #bars db (in.) #bars du (in.) (in.) (in.) (in.) _Qn?) __ (in.) (psi) - 81 y 6 1.410 6 1.410 2.125- NA 0.880 0.207 12.0 6000 121 y 6 1.410 6 1.410 il25 NA 0.880 0.207 13.0 6000 
82 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0310 120 6000 122 N 4 1.410 4 1.4 !0 2.125 2.125 2.410 0.310 13.0 6000 
83 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 6000 123 y 6 1.410 6 1.4\0 2.125 NA 0.880 0.207 13.0 6000 
84 N 4 I 410 4 1.410 2.125 2.125 2.410 0310 12.0 6000 124 N 4 1.410 4 1410 2.125 2.125 2410 0.310 13.0 6000 
85 y 6 1.410 6 1.410 2.125 NA 0_8SO 0.207 120 6000 125 y 4 14!0 6 1.410 2.125 NA I .940 0.310 15.0 6000 86 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 12.0 6000 126 N 4 1.410 4 1.410 2.125 2.125 2.410 0,310 15.0 6000 87 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.5 6000 127 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 88 N 4 1.410 4 1.410 2.125 2.125 2.4\0 0.207 10.5 6000 128 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 89 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 11.0 6000 129 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14 0 6000 
90 N 4 1.410 4 1410 2.125 2.125 2410 OJ\0 11.0 6000 130 N 4 1410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 
91 y 6 1.410 6 1.4\0 2.125 NA 0 880 0.207 11.0 6000 131 y 6 1410 6 14!0 2.125 NA 0.880 0.207 14.0 6000 
92 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 11.0 6000 132 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 
93 y 4 1.410 6 1.410 2.125 NA 0.880 0.207 11.0 6000 133 y 6 1410 6 1.410 2.125 NA 0.880 0,207 14.0 6000 
94 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0.310 11.0 6000 134 N 4 1410 4 1.410 2125 2.125 2410 0.310 14.0 6000 
95 y 4 1.410 6 1.410 2.125 NA 0.880 0.207 11.0 6000 135 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 15.0 6000 96 N 4 1.4\0 4 1.410 2.125 2.125 2410 0.310 11.0 6000 136 N 4 1.410 4 IA!O 2.125 2.125 2.410 0.310 15.0 6000 w 97 y 6 1.4!0 6 1.4\0 2.125 NA 0.880 0.207 11.0 6000 137 y 4 1.4\0 6 1.410 2.125 NA 1.940 0.3\0 15.0 6000 N 98 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 11.0 6000 138 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 0\ 99 y 6 1.4\0 6 1.410 2.125 NA 0.880 0.207 I 1.0 6000 139 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 100 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0.310 11.0 6000 140 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 101 y 6 1.4\0 6 1.410 2.125 NA 0.880 0.207 13.0 6000 141 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 102 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 142 N 4 1.410 4 1.410 2.\25 2.125 2.410 0.310 14.0 6000 103 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 143 y 6 IAIO 6 1.410 2.125 NA 0.880 0.207 140 6000 104 N 4 1.4 !0 4 1.4\0 2.125 2.125 2.410 0.310 \3.0 6000 144 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 
105 y 6 1.410 6 1.410 2.125 NA 0 880 0.207 13.0 6000 145 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 106 N 4 1.410 4 1.410 2.125 2.125 2.4\0 0.310 13.0 6000 146 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 107 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 147 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 15.0 6000 108 N 4 1.410 4 1.410 2.125 2.125 2.4\0 0.310 l3.0 6000 148 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 109 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 149 y 4 1.270 6 1.270 2.125 NA 2.080 0.310 15.0 5000 110 N 4 1.410 4 1.4\0 2.125 2.125 2.410 0.310 13.0 6000 150 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 5000 Ill y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 151 y 6 1.270 6 1.270 2.125 NA 1.050 0.207 15.0 5000 112 N 4 1.410 4 1.4\0 2.125 2.125 2.4\0 0 310 13.0 6000 152 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 113 y 6 1.410 6 1410 2.125 NA 0.880 0.207 13.0 6000 !53 y 6 \.270 6 1.270 2.125 NA 1.050 0.207 15.0 5000 114 N 4 1.410 4 1410 2.125 2.125 2.410 0.310 13.0 6000 !54 N 4 1.4\0 4 1.410 2.125 2.125 2.4\0 0.310 15.0 5000 liS y 6 I 410 6 IAIO 2.\25 NA 0.880 0.207 13.0 6000 !55 y 6 1.270 6 1.270 2.125 NA 1.050 0.207 !50 5000 116 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 I 56 N 4 1410 4 1.410 2.125 2.125 2.410 0.310 15.0 5000 117 y 6 IAIO 6 1.410 2.125 NA 0.880 0.207 13.0 6000 !57 y 6 1.270 6 1.270 2.125 NA 1.050 0.207 15.0 5000 118 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0.310 130 6000 !58 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 
1\9 y 6 I 410 6 1.410 2.125 NA 0 880 0 207 13.0 6000 !59 y 4 1.270 6 1.270 2.125 NA 2080 0 310 15.0 5000 120 N 4 I .410 4 I .4 \0 2.125 2.125 2.410 0.310 13 0 6000 160 N 4 1.410 4 1410 2.125 2.!25 2.4\0 0 310 15.0 5000 
No. B" # ba~~- db (in.) #bars db (in.) (in.) (in.) (in.) ___ Qn.2) (in.) (p•i) 
Table D.la Table D.la 
Slllit'c dlliu for hcurus iulutcrullund resisting frnmc systcru (continut'd) S)dice data for beams in lateral load resisting frame system (continued) 
Spliced Bars• Cover Transverse Reinf. Spliced Bars* Cover Transverse Rein f. 
Splice Top A Bars B Bars c, Cw Csi Ajn s r, Splice Top A Bars B Bars ,, Cw ,, AJn s r, 
No. fi(lf #Inns db (in.) # bnrs d0 (in.) (in) (in_) (in.) (in.22__ (in.) (psi) 
... 
161 y 4 1.410 4 1.410 2.125 NA 2.410 o.Jlb 8.0 -sooo 
162 N 4 I .270 4 1.270 2.125 2.125 2.510 0.155 8.0 5000 
lb3 y 4 1.410 4 1410 2.125 NA 2410 0.310 8.0 5000 
164 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 8.0 5000 
No. Bar #bars db (in)_~ b~~- db (in.) (in.) (in.) (in.) (in. 2} (in.) (psi) 
201 y 3 1.128 4 1.128 xooo NA 4_530 0.200 15.0 5000 
202 N 2 U28 2 I .270 2.000 2.000 2_690 0.100 15.0 5000 
203 N 2 1.270 2 1.270 2.000 2.000 2.690 0.100 15.0 5000 
204 y 4 1.128 4 1.128 2.125 NA 2.790 0.310 12.0 5000 
165 y 4 1.410 4 1410 2.125 NA 2.410 0.310 8.0 5000 205 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 12.0 5000 
166 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 8.0 5000 206 y 4 1.128 4 Ll28 2.125 NA 2.790 0.310 12 0 5000 
167 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 8.0 5000 207 N 4 1.270 4 1_270 2.125 2.125 2.600 0.155 12.0 5000 
168 N 4 I .270 4 1.270 2.125 2.125 2.600 0.155 80 5000 208 y 4 1.128 4 1.128 2.125 NA 2.790 0.310 12_0 5000 
169 y 4 I 4\0 4 1410 2.125 NA 2.410 0.310 8.0 5000 209 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 \2_0 5000 
170 N 4 I .270 4 1.270 2.125 2.125 2.600 0.155 8.0 5000 210 y 4 1.128 4 1.128 2.125 NA 2.790 0_310 12.0 5000 
171 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 8.0 5000 211 N 4 1.270 4 1.270 2.125 2.125 2.600 0_\55 12.0 5000 
172 N 4 1.270 4 1.270 2.125 2.125 2.510 0.155 8.0 5000 212 y 3 1.128 4 1.128 2000 NA 4.530 0 200 15.0 5000 
173 y 4 1.270 4 1.410 2.125 NA 2.510 0.310 10.0 5000 
174 N 2 I 128 2 1.410 2.125 2.125 2.550 0.155 10.0 5000 
175 N 2 1.270 2 1410 2.125 2.125 2.550 0.155 10.0 5000 
176 y 4 1.270 4 1.270 2.125 NA 2.600 0.310 10.0 5000 
177 N 4 1.410 4 I .410 2.125 2.125 2.410 0.155 10.0 5000 
178 y 4 1.270 4 1.270 2.125 NA 2600 0.310 100 5000 
213 N 2 1.128 2 1.270 2.000 2.000 2.690 0.100 15.0 5000 
214 N 2 1.270 2 1.270 2.000 2.000 2.690 0.100 15.0 5000 
215 y 2 1.128 2 1.128 2.000 NA 2.730 0.200 15.0 6000 
216 y 2 1270 2 1.270 2 000 NA 2.730 0.200 15.0 6000 w 217 N 2 1.128 2 1.128 2.000 2.000 2.730 0.100 15.0 6000 N 
218 N 2 1.270 2 1.270 2.000 2.000 2.730 0.\00 15.0 6000 ...., 
179 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 10.0 5000 219 y 2 1.128 2 1,128 2.000 NA 2.730 0.200 15.0 6000 
180 y 4 1.270 4 1_270 2_125 NA 2.600 0.310 10.0 5000 
181 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 10_0 5000 
182 y 4 1.270 4 1_270 2.125 NA 2.600 0.310 10.0 5000 
220 y 2 1.270 2 1.270 2_000 NA 2.730 0.200 15.0 6000 
221 N 2 1.128 2 1.128 2.000 2.000 2.730 0_100 15.0 6000 
222 N 2 1.270 2 I .270 2.000 2.000 2.730 0.100 15.0 6000 
183 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 10_0 5000 
184 y 4 1.270 4 1_410 2.125 NA 2.510 0.310 10_0 5000 
223 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 6000 
224 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 
I 85 N 2 Ll2R 2 1.410 2.125 2125 2_550 (l.l 55 10.0 5000 225 y 4 I .410 4 1.410 2.125 NA 2.410 0.3!0 140 6000 
I 86 N 2 1.270 2 1.410 2.125 2125 2.550 0.[55 10.0 5000 
187 y 4 1410 4 1.410 2.125 NA 2.410 0.310 12.0 5000 
188 N 2 1 '\28 2 1.270 2.125 2.125 2.650 0.155 12_0 5000 
189 N 2 1.270 2 1.270 2.125 2.125 2.650 0.155 12.0 5000 
190 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 12.0 5000 
191 N 4 I .270 4 1.270 2.125 2.125 2.600 0.155 12.0 5000 
192 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 12.0 5000 
193 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 12.0 5000 
194 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 12.0 5000 
195 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 12.0 5000 
196 y 4 1.410 4 1.410 2.125 NA 2.4!0 0.310 12.0 5000 
197 N 4 1.270 4 !.270 2.125 2.125 2.600 0.155 12 0 5000 
198 y 4 L41 0 4 1410 2.125 NA 2410 0.310 12.0 5000 
199 N 2 l.l JH 2 1.270 2.125 2125 2_650 0.155 12.0 5000 
200 N 2 1 no 2 \_270 2 12S 2 125 2.tl)O ll 155 12_0 5000 
226 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 14.0 6000 
227 y 4 1.410 4 1.410 2.125 NA 2410 0.310 8 0 6000 
228 N 4 1.410 4 1.410 2.125 2.125 2.410 0_155 8.0 6000 
229 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 8.0 6000 
230 N 4 1410 4 1410 2.125 2.125 2.410 0_155 8.0 6000 
231 y 4 1410 4 1.410 2.125 NA 2.410 0_310 10.0 6000 
232 N 4 1.410 4 1.410 2.125 2.125 2.4\0 0_155 10.0 6000 
233 y 4 1.410 4 1.410 2.125 NA 2.4 ]() 0_3]0 10.0 6000 
234 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 10.0 6000 
235 y 4 1410 4 1410 2.125 NA 2410 0.310 11.0 6000 
236 N 4 1410 4 1.410 2.125 2125 2410 0.155 11.0 6000 
237 y 4 1410 4 1410 2.125 NA 2410 0.310 11.0 6000 
238 N 4 1.410 4 1410 2.125 2.125 2.410 0.155 11.0 6000 
239 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 11.0 6000 
240 N 4 1.410 4 1.410 2.125 2.125 2410 () 155 11.0 60(){) 
Table D.la Table D.ta 
Splice data for beams in lateral load resisting frame system (continued) Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars* Cover Transverse Reinf 
Splice Top A Bars B Bars c, Cw c,; A ,In s p' 
No. Bar #bars db (in.) #bars db (i~ _(in.) (in.) (in_) (in?) (in.) JP~!) 
241 y 4 1.410 4 1.410 2.125 NA 2410 0.310 11.0 6000 
242 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 \1.0 6000 
243 y 4 14\0 4 14\0 2.125 NA 2.410 0.310 10.0 6000 
244 N 4 1.410 4 1.4\0 2.125 2.125 2.410 0.155 10_0 6000 
245 y 4 1.410 4 1.410 2 125 NA 2.410 0.310 10.0 6000 
246 N 4 I .410 4 1.410 2.125 2.125 2.4\0 0.155 10.0 6000 
247 y 4 I .410 4 1.410 2.125 NA 2.410 0.310 10_0 5000 
248 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 10.0 5000 
249 y 4 1410 4 1 410 2.125 NA 2.410 0.310 10.0 5000 
250 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 10.0 5000 
251 y 4 1.4 \() 4 1.410 2.125 NA 2.410 0.310 11.0 5000 
252 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0.155 ll.O 5000 
253 y 4 1.4\0 4 1.410 2.125 NA 2.410 0.310 11.0 5000 
254 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 11.0 5000 
255 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 5000 
256 N 2 \.In 2 I. \2S 2.125 2. 125 2.690 0 155 14.0 5000 
257 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 14.0 5000 
258 y 4 1.4\0 4 1.410 2.125 NA 2.410 0.310 14.0 5000 
259 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 14.0 5000 
260 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 14.0 5000 
261 y 4 1.270 4 1.270 2.125 NA 2.600 0.310 15.0 5000 
262 N 4 I 270 4 1.270 2.125 2.125 2.600 0.155 15.0 5000 
263 y 4 1.270 4 1.270 2.125 NA 2_600 0.310 15_0 5000 
264 N 4 1.270 4 1.270 2.125 2.125 2.600 0.!55 15.0 5000 
265 y 4 1.410 4 1.410 2.125 NA 2.4\0 0.310 12.0 5000 
266 N 2 1.128 2 1.128 2.125 2_\25 2.690 0.155 12.0 5000 
267 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 5000 
268 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 12.0 5000 
269 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 12.0 5000 
270 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12_0 5000 
271 y 2 1.128 2 I. 128 2.000 NA 2.6lJO 0.200 15.0 5000 
272 y 2 1.270 2 I .270 2.000 NA 2.690 0.200 15.0 5000 
273 N 2 1.128 2 U28 2.000 2.000 2.690 0.100 15.0 5000 
274 N 2 1270 2 1.270 2.000 2000 2.690 0.100 15.0 5000 
275 y 2 l_j 28 2 1.128 2.000 NA 2.690 0.200 15.0 5000 
276 y 2 1.270 2 1.270 2000 NA 2.690 0.200 15.0 5000 
277 N 2 1.128 2 l.l28 2.000 2.000 2.690 0.100 15.0 5000 
278 N 2 1.270 2 1.270 2.000 2.000 2.690 0.100 15.0 5000 
279 y 4 1.410 4 1.4\0 2.125 NA 2.4\0 0 310 \20 6000 
280 N 2 I. 128 2 1128 2.125 2.125 2.730 0.155 12.0 6000 
Spliced Bars* Cover Transverse Rein f. 
Splice Top A Bars B Bars c, 'w Cj; A1/n s P, 
No Bm #bars db (in.) #bars db (in.) (in.) (in.) (ill.) (in
1 L jinJ _(psi) 
281 N 2 1.270 2 1.2.76 2.125 2.125 2.730 0.155 f20 6000 
282 y 4 1.410 4 1.410 2.125 NA 2.410 0_3\0 12.0 6000 
283 N 2 1.!28 2 1.!28 2.125 2.125 2.730 0.155 12.0 6000 
284 N 2 1.270 2 1270 2.125 2.125 2.730 0 155 12.0 6000 
285 y 4 1.410 4 1.410 2.125 Ni\ 2.410 0.310 12.0 6000 
286 N 2 1.128 2 1.128 2.125 2.125 2.730 0.155 12.0 6000 
287 N 2 1.270 2 1.270 2_\25 2.125 2.730 0.155 \2.0 6000 
288 y 6 1.410 6 1.410 2.125 NA 1.480 0.207 90 6000 
289 N 6 1.410 6 1.410 2.125 2.125 1.480 0.207 9.0 6000 
290 y 6 1.410 6 1410 2.125 Ni\ 1.48() () 207 9.0 6000 
291 N 6 1.410 6 1.410 2.125 2.125 1.480 0.207 9.0 6000 
292 y 6 1.4\0 6 1.410 2.125 NA 1.480 0.207 90 6000 
293 N 6 1.410 6 1.410 2.125 2.125 1.480 0.207 90 6000 
294 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.0 6000 
295 N 4 1.410 6 1.410 2.125 2.125 1.940 0.310 10.0 6000 
2% y 6 1.410 6 1.410 2.125 Ni\ 0.880 0.207 10.0 6000 
1.;> 297 N 6 1.410 6 1.410 2.125 2.125 0.880 0.207 10.0 6000 N 298 y 6 1.410 6 1410 2.125 NA 0.880 0.207 10.0 6000 00 
299 N 4 1.410 6 1.410 2.125 2.125 1.940 0.3\0 10.0 6000 
300 y 6 1.410 6 1.4!0 2.125 NA 0.880 0.207 \0_5 6000 
301 N 4 1.410 4 1.4\0 2.125 2.125 2.410 0.310 10.5 6000 
302 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.5 6000 
303 N 4 1.410 4 1.4\0 2.125 2.125 2.410 0.310 10.5 6000 
304 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10_5 6000 
305 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 10.5 6000 
306 y 6 1.410 6 1.4\0 2.125 NA 0.880 0.207 13_0 6000 
307 N 4 1.410 4 1.410 2.125 2.125 2.410 0 310 13.0 6000 
308 y 6 I .410 6 1.410 2_125 NA 0.880 0.207 13.0 6000 
309 N 4 1.410 4 1.410 2_\25 2.125 2.410 0.310 13.0 6000 
310 y 6 1.410 6 1410 2.125 NA 0.880 0_207 13.0 6000 
311 N 4 I .410 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 
312 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13_0 6000 
313 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 \3_0 6000 
314 y 6 1.410 6 1.410 2.125 NA 0.880 0_207 14.0 6000 
315 N 4 1410 4 1410 2.125 2.125 2.410 0310 14.0 6000 
316 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
317 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13_0 6000 
318 y 6 1.410 6 1410 2.125 NA 0.880 0.207 10.5 6000 
319 N 4 1.410 4 1.410 2.125 2.125 2.410 () 3\0 10.5 6000 
320 y 6 1410 6 1.410 2.125 NA 0.880 0.207 10.5 6000 
Table D.la Table D.1a 
Splice data for beams in lateral load resisting frame system (continued) Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars* Cover Transverse Reinf. Spliced Bars* Cover Transverse Rein f. 
Splice Top A Bars B Bars c, c. c,; Auln s f, Splice Top A Bars B Bars c, '• c,i A in s f, 
No. B" #bars db Q_~J ___ ~ __ bars de (in.) (in.) (in.) (in.) (in 1 ) (in_) (psi) 
321 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 10.5 6000 361 N 2 1.270 2 1.270 2.125 2.125 2.69-0 0.155 15.0 5000 322 y 6 1.410 6 1.410 2.125 NA 0.8/SO 0.207 10.5 6000 362 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15_0 5000 323 N 4 1.410 4 1.4 I 0 2.125 2.125 2.410 0.3\0 10.5 6000 363 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 15_0 5000 
324 y 6 1.410 6 1410 2.125 NA 0.880 0.207 13.0 5000 364 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 15.0 5000 
325 N 4 1.270 4 I 410 2.125 2.125 2.510 0.310 13.0 5000 365 y 4 1.410 4 1410 2.125 NA 2 410 0.310 12.0 woo 
326 y 6 1.410 6 1.410 2.125 NA 0.8BO 0.207 13.0 5000 366 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 12.0 6000 
327 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 13.0 5000 367 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 6000 
328 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 5000 368 y 4 1.410 4 1.410 2.125 NA 2.410 0310 12.0 6000 
329 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13.0 5000 369 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 12.0 6000 
330 y 6 1.410 6 1.410 2.125 NA 0_8BO 0.207 13.0 5000 370 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 6000 
331 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13 0 5000 371 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 12.0 6000 
332 y 6 1.410 6 1410 2.125 NA 0.880 0.207 13.0 5000 372 N 2 1.128 2 1.128 2.125 2.125 2.690 0_155 12_0 6000 
333 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 13.0 5000 373 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 6000 
334 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 5000 374 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 12.0 6000 
335 N 4 1.270 4 1.410 2_125 2.125 2.510 0.310 13.0 5000 375 N 2 Ll28 2 1.128 2.125 2.125 2.690 0.155 12.0 6000 336 y 4 1.410 4 1.410 2.125 NA 2.410 0.3!0 15.0 5000 376 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 6000 337 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 377 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 6000 w N 338 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 378 N 4 1.270 6 1.270 2.125 2.125 2.080 0.310 12.0 6000 'D 3.39 N 4 1.270 4 1.270 2.125 2_125 2.600 0.310 15.0 5000 379 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 6000 
340 y 4 1.410 4 1.410 2_125 NA 2.410 0.310 15.0 5000 380 N 6 1.270 6 1.270 2.125 2.125 1.050 0.207 120 6000 341 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 381 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 6000 342 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 382 N 6 1.270 6 1.270 2.125 2.125 1.050 0.207 12.0 6000 343 N 2 1.128 2 1.270 2.125 2.125 2.650 0.310 15.0 5000 383 y 6 1410 6 1.410 2.125 NA 0.880 0.103 80 6000 344 N 2 1.270 2 1.270 2.125 2.125 2.650 0.310 15.0 5000 384 N 4 1.270 6 1.270 2.125 2.125 2.080 0. !55 8.0 6000 345 y 4 1.410 4 1.410 2.125 NA 2.410 0310 150 5000 385 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.0 6000 346 N 4 1.270 4 1.270 2.125 2.125 2_600 0.310 15.0 5000 386 N 4 1.270 6 1.270 2.125 2.125 2.080 0.310 10.0 6000 347 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 387 y 6 1.410 6 1410 2.125 NA 0_880 0.207 10.0 6000 348 N 2 1.128 2 1.270 2.125 2.125 2.650 0.310 15.0 5000 388 N 6 1.270 6 1.270 2.125 2.125 1.050 0_207 10.0 6000 349 N 2 1.270 2 1.270 2.125 2.125 2.650 0.310 15_0 5000 389 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 100 6000 350 y 4 1.270 4 1.410 2.125 NA 2.510 0.310 13.0 5000 390 N 6 1.270 6 1.270 2.125 2.125 1.050 0.207 10.0 6000 351 N 4 1.128 4 1.128 2.125 2.125 2.740 0.155 13.0 5000 391 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 8.0 6000 352 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 5000 392 N 4 1.270 6 1.270 2.125 2.125 2_080 0.155 8.0 6000 353 N 4 1.128 4 1.128 2.125 2.125 2.790 0.155 14_0 5000 393 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 354 y 4 1.270 4 1410 2.125 NA 2.510 0.310 13.0 5000 394 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 
355 N 4 1.128 4 1.128 2.125 2.125 2.740 0.155 13.0 5000 395 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 356 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 396 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 357 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 15.0 5000 397 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 358 N 2 1_270 2 1.270 2.125 2.125 2.690 0.155 15.0 5000 398 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 l3_0 6000 359 y 4 1.410 4 1.410 2.125 NA 2.410 0310 150 5000 399 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 8.0 6000 360 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 15.0 5000 400 N 4 1.410 4 1.410 2.125 2.125 2.410 0_155 80 6000 
No. Bar # bars de (in.) #bars db {i_~1.) (in.) (in.) (in.) (in.l) (in) (psi) 
Table D.la Table D.la 
Splice data for beams in lateral load resisting frame system (continued) Splice data for beams in lateral load resisting frame system (continued) 
Sp !iced Bars* Cover Transverse Reinf. 
Splice Top A Bars B Bars ,, CID Cs; A1,/n s f, 
No. B" _ ~ars __ db (in.) #bars db (in.) (in.) (in) (in.) (ln.2) (in) (psi) 
401 y 6 1.410 6 1.4fo 2.125 NA 6.880 0.207 13.0 6000 441 y 4 1410 6 1410 2.125- NA l.940 0.310 15.0 5006 402 N 4 1.410 4 1410 2.125 2.125 2.410 0310 13.0 6000 442 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 
403 y 6 1.410 6 1.410 2.125 NA O.RSO 0.207 13.0 6000 443 y 4 1410 4 1.410 2.125 NA 2410 0.310 15.0 5000 
·104 N 4 1.410 4 1410 2.125 2.125 2410 0310 130 6000 444 N 4 1.270 4 1.270 2.125 2.125 2.600 OJIO 15.0 5000 405 y 6 1410 6 1410 2.125 NA 0_880 0.207 \3_0 6000 445 y 4 1410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 406 N 4 1.410 4 1.4\0 2.125 2.125 2.410 0.310 13.0 6000 446 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 407 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 8.0 6000 447 y 4 1.410 6 1.410 2.125 NA 1.940 0.103 110 5000 408 N 4 1.410 4 1410 2.125 2.125 2.410 0.155 8.0 6000 448 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 11.0 5000 409 y 6 1.410 6 1410 2.125 NA 0 880 0.207 \3_0 6000 449 y 4 1410 6 1410 2.125 NA 1940 0.310 15.0 5000 410 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 450 N 4 1.270 4 1.270 2.125 2.\25 2.600 0.310 15.0 5000 411 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 no 6000 451 y 4 1410 4 1410 2.\25 NA 2.410 0.310 15.0 5000 412 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 452 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 
413 y 6 1410 6 1410 2.125 NA 0.880 0.207 13.0 6000 453 y 4 1410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 414 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 13.0 6000 454 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 15.0 5000 415 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 so 6000 455 y 4 1410 6 1.410 2.125 NA 1.940 0.103 ll.O 5000 416 N 4 1.4\0 4 1.410 2.125 2.125 2.410 0.155 8.0 6000 456 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 11.0 5000 w 417 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.0 6000 457 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 9.0 5000 w 418 N 4 1.270 6 1.270 2.125 2.125 2.080 0.310 lO.O 6000 458 N 2 Ll28 2 1.270 2.125 2.125 2.650 0.155 9.0 5000 0 419 y 6 1.410 6 1410 2.125 NA 0.880 0.207 10.0 6000 459 N 2 1.270 2 1.270 2.125 2.125 2.650 0.155 90 5000 420 N 6 1.270 6 1270 2.125 2.125 1.050 0.207 10.0 6000 460 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 9.0 5000 
421 y 6 1.410 6 1.410 2.125 NA 0 880 0.207 10.0 6000 461 N 4 1.270 4 1.270 2.125 2.125 2600 0.155 9.0 5000 422 N 6 1.270 6 1.270 2.125 2.125 1.050 0.207 10.0 6000 462 y 4 1410 4 1.410 2.125 NA 2.410 0.310 9.0 5000 423 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 8.0 6000 463 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 9.0 5000 424 N 4 1.270 6 1.270 2.125 2.125 2.080 0.155 8.0 6000 464 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 425 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 ll.O 5000 465 N 2 1.128 2 1.270 2.125 2.125 2.650 0.155 15.0 5000 426 N 4 1410 4 1.4\0 2.125 2.125 2.410 0.310 ll.O 5000 466 N 2 1.270 2 1.270 2.125 2.125 2.650 0.155 15.0 5000 427 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 5000 467 y 4 1.410 4 1.410 2.125 NA 2.410 0.3l0 12.0 5000 428 N 4 1.410 4 1.410 2.125 2.125 2.4\0 0.310 12.0 5000 468 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 \2.0 5000 429 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 5000 469 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 5000 430 N 4 1410 4 1.410 2.125 2.125 2.410 0.3l0 12.0 5000 470 y 4 1.128 4 1.128 2.000 NA 1.830 0.100 15.0 5000 431 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 8.0 5000 471 N 4 1.128 4 1.128 2.000 2.000 1.830 0.100 15.0 5000 432 N 4 1.410 4 1410 2.125 2.125 2.410 0.155 8.0 5000 472 y 4 1.410 4 1.410 2.125 NA 2.4l0 0.310 15.0 6000 433 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 5000 473 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 15.0 6000 434 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 12.0 5000 474 N 2 L270 2 1.270 2.125 2.125 2.690 0.155 15.0 6000 435 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 5000 475 y 4 1.410 4 1.410 2.125 NA 2410 0.310 15.0 6000 436 N 4 1410 4 1.410 2.125 2.125 2.410 0.310 12.0 5000 476 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 15.0 6000 437 y 6 1.410 6 1410 2125 NA 0.880 0.207 12.0 5000 477 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 15.0 6000 438 N 4 1.410 4 1410 2.125 2.!25 2.410 0.310 12.0 5000 478 y 4 1.270 4 1.410 2.125 NA 2.5!0 0.310 15.0 6000 439 y 6 1410 6 1.410 2.125 NA 0.880 0.103 9.0 5000 479 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 IS 0 6000 440 N 4 1.410 4 1410 2.125 2.125 2.4\0 0.155 9.0 5000 480 N 2 1.270 2 1.270 2125 2.125 2.690 0.155 15.0 6000 
Spliced Bars* Cover Transverse Reinf. 
Splice Top A Bars B Bars ,, c., c,, Ajn s f, 
No. Bar #bars ~!>_(~n.) -~bars db (in.) (in.) (in) (in.) (i~_:_1_ (in) (psi) 
Table D.la Table D.la 
Splice data for beams In lateral load resisting frame system (continued) Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars* Cover Transverse Rein f. 
Splice Top A Bars B Bars ,, Cw Cs; A1,1n s r, 
Spliced Bars* Cover Transverse Reinf 
Splice Top A Bars B Bars '• 'w c,; A 11in s r, No. Bac #bars du (in.) #bars du (in.) (in.) (in ) (in.) (in.z) (in.) frsi) 
4HI y 4 I .270 4 1410 2.125 NA 2.510 0.310 15.0 6000 521 N 4 1410 4 141o---r125 2.125 2.410 0310 15.0 6000 482 N 2 1.128 2 l.l28 2.125 2.125 2.690 0.155 15.0 6000 522 y 4 1410 4 1410 2.125 NA 2410 0.310 80 6000 
483 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 15.0 6000 523 N 4 1410 4 1410 2.125 2.125 2.410 0.155 8.0 6000 
484 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 524 y 6 1.410 6 1.410 2,125 NA 0.880 0.207 10.0 6000 
485 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13.0 6000 525 N 4 1.270 6 1.410 2.125 2.125 2040 0.310 100 6000 
486 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 526 y 6 1.410 6 1410 2.125 NA 0.880 0.207 10.0 6000 
487 N 4 1.270 4 l.270 2.125 2.125 2.600 0.310 14.0 6000 527 N 6 1410 6 1.410 2.125 2.125 0.880 0.207 100 6000 
488 y 6 1410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 528 y 6 1.410 6 1410 2.125 NA 0.880 0.207 10.0 6000 
489 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 14.0 6000 529 N 6 1410 6 1410 2.125 2.125 0.880 0.207 10.0 6000 
490 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 530 y 6 1.410 6 1410 2.125 NA 0.880 0.207 10.0 6000 491 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 14.0 6000 531 N 4 1.270 6 1410 2.125 2.125 2.040 0.310 10,0 6000 492 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 532 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.0 5000 
493 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13.0 6000 533 N 4 1.270 6 1.410 2.125 2.125 2.040 0.310 10.0 5000 
494 y 6 1.410 6 1410 2.125 NA 0.880 0.207 14.0 6000 534 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.0 5000 495 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 14.0 6000 535 N 6 1.410 6 1.410 2.125 2.125 0.880 0.207 10.0 5000 496 y 6 1.410 6 1.410 2.125 NA 0 880 0.207 14.0 6000 536 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.0 5000 w 497 N 4 I 270 4 1.270 2.125 2.125 2.600 0.310 14.0 6000 537 N 6 1.410 6 1.410 2.125 2.125 0.880 0.207 10.0 5000 w 498 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 6000 538 y 6 1.410 6 1.410 2125 NA 0.880 0.207 10.0 5000 -499 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 14.0 6000 539 N 4 1.270 6 1.410 2.125 2.125 2.040 0.310 10.0 5000 500 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 15.0 6000 540 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 10.0 5000 501 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 541 N 4 1.270 6 1.270 2.125 2.125 2.180 0.310 10.0 5000 502 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 15.0 6000 542 y 6 1410 6 1.410 2.125 NA 0.880 0.207 10.0 5000 503 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 543 N 6 1.270 6 1.410 2.125 2.125 0.970 0.207 10.0 5000 504 y 6 I 410 6 1.410 2.125 NA O.BHO 0.207 IS 0 6000 544 y 6 1410 6 1.410 2.125 NA 0.880 0.207 10.0 5000 505 N 4 1.·1 10 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 545 N 6 1.410 6 1410 2.125 2.125 0.880 0.207 10.0 5000 506 y 4 1.410 6 1410 2.125 NA 1.940 0.155 8.0 6000 546 y 6 1410 6 1.410 2.125 NA 0.880 0.207 10.0 5000 507 N 4 1.410 4 1410 2.125 2.125 2.410 0.155 8.0 6000 547 N 4 1.270 6 1.410 2.125 2.125 2.040 0.310 10.0 5000 508 y 4 1.410 6 1410 2.125 NA 1.940 0.310 15_0 6000 548 y 6 1.410 6 1410 2.125 NA 0.880 0.207 11.0 5000 509 N 4 1.410 4 1410 2.125 2.125 2.410 0.310 15.0 6000 549 N 4 1.270 4 1410 2.125 2.125 2.510 0.310 11.0 5000 510 y 6 1410 6 1.410 2.125 NA 0.880 0.207 150 6000 550 y 6 1410 6 1.410 2.125 NA 0880 0.207 12.0 5000 511 N 4 1410 4 1.410 2.125 2.125 2410 0.310 15.0 6000 551 N 4 1.410 4 1.410 2.125 2.125 2410 0.310 12.0 5000 512 y 6 1410 6 1.410 2.125 NA 0.880 0.207 15.0 6000 552 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 12.0 5000 513 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 553 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 12.0 5000 514 y 4 1.410 6 1410 2.125 NA 1.940 0.155 8.0 6000 554 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 5000 515 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 8.0 6000 555 N 4 1.410 4 1410 2.125 2.125 2.410 0.310 13.0 5000 516 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 15.0 6000 556 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13 0 5000 517 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 557 N 4 1.128 4 1410 2.125 2.125 2.600 0.310 13 0 5000 518 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 15.0 6000 558 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 5000 519 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 559 N 4 1.4IO 4 1.410 2.125 2.125 2.410 0.310 14.0 5000 520 y 4 1.410 6 1410 2.125 NA 1.940 0.310 15.0 6000 560 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 14.0 5000 
No. Bar #bars d11 (in.) #bars_ d_b_ (in.) (in.) (in.) (in.) (in.2) (in.) (psi) 
Table D.la 
Splice data for beams in lateral load resisting frame system (continued) 
Table D.la 
Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars• Cover Transverse Reinf. 
Splice Top A Bars B Bars c, c. Csi A,Jn ' r, 
No. Bac ~bars db (in.) #bars db(in.) (in.) --- ~~~J - (in.) (in?) (in.) (psi) 
561 N 4 I 410 4 1.410 2.125 2.125 2.410 0.3\0 14.0 s·ooo 601 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 8.0 6000 562 y 4 1.4 I{) 6 1.410 2.125 NA 1.9·10 0.310 15.0 5000 602 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 8.0 6000 563 N 4 1.128 4 1410 2.125 2.125 2.600 0.310 15.0 5000 603 N 4 1410 4 1.410 2.125 2.125 2.410 0.155 8.0 6000 564 y 4 1.270 4 1410 2.125 NA 2.510 0.310 10.0 5000 604 y 4 1.410 6 1.410 2.125 NA 1.940 0,\55 80 6000 565 N 2 1.128 2 1.270 2.125 2.125 2.650 0.155 100 5000 605 N 4 1.128 4 1.270 2.125 2.125 2.730 0.155 8.0 6000 566 N 2 1.270 2 1.270 2.125 2.125 2.650 0.155 10.0 5000 606 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 9.0 6000 567 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 9.0 5000 607 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 9.0 6000 568 N 4 1.270 4 1.270 2.125 2 125 2600 0.155 9.0 5000 608 y 4 1.410 6 1.410 2.125 NA 1.940 0.!55 80 6000 569 y 4 1.410 4 1.410 2.125 NA 2.410 0.3\0 9.0 5000 609 N 4 1.128 4 1.270 2.125 2.125 2.730 0.155 8.0 6000 570 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 9.0 5000 610 y 4 1.410 6 1.410 2.125 NA 1.940 0.155 8.0 6000 571 y 4 1.270 4 1.410 2.125 NA 2.510 0.310 10.0 5000 611 N 4 1.128 4 1.270 2.125 2.125 2.730 0.155 80 6000 572 N 2 1.128 2 1.270 2.125 2.125 2.650 0.155 10.0 5000 612 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 9.0 6000 573 N 2 1.270 2 1.270 2.125 2.125 2.650 0.155 10.0 5000 613 N 4 1.270 4 1.270 2.125 2.125 2.600 0.155 9.0 6000 574 y 4 U28 4 1.410 2.125 NA 2.600 0.310 15.0 5000 614 y 4 1.410 6 1410 2.125 NA 1.940 0.155 8.0 6000 515 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 15.0 5000 615 N 4 U28 4 1.270 2.125 2.125 2.730 0.155 80 6000 576 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 15.0 5000 616 y 4 1.270 4 1.410 2.125 NA 2510 0.310 14.0 6000 511 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15.0 5000 617 N 3 1.128 4 1.128 2.125 2.125 4.390 0.207 14.0 6000 w w 578 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 15.0 5000 618 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 6000 N 579 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 15.0 5000 619 N 3 l.\28 3 1.128 2.125 2.125 4.750 0.207 14.0 6000 580 y 4 I.! 28 4 1.410 2.125 NA 2.600 0.3\0 15.0 5000 620 y 4 1.270 4 1.410 2.125 NA 2.510 0.310 14.0 6000 581 N 2 1.128 2 l.l28 2.125 2.125 2,690 0.155 15.0 5000 621 N 3 1.128 4 1.128 2.125 2.125 4.390 0.207 14.0 6000 582 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 15.0 5000 622 y 4 1.270 4 1.410 2.125 NA 2.510 0.310 12.0 6000 583 y 4 1128 4 1.128 2.000 NA 2.830 0.200 15.0 6000 623 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 12.0 6000 584 N 2 1.128 2 1.128 2.000 2.000 2.730 0.100 15.0 6000 624 N 2 1.270 2 l .270 2.125 2.125 2.690 0.155 12.0 6000 585 N 2 U70 2 1.270 2.000 2.000 2.730 0.100 15.0 6000 625 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 12.0 6000 586 y 4 1.128 4 1.128 2.000 NA 2.830 0.200 15.0 6000 626 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 12.0 6000 587 N 2 1.128 2 l.l28 2.000 2.000 2.730 0.100 15.0 6000 627 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 6000 588 N 2 1.210 2 1.270 2.000 2.000 2.730 0.100 15.0 6000 628 y 4 1.410 4 1.410 2.125 NA 2410 0.310 120 6000 589 y 4 1.128 4 . l.l28 2.000 NA 2.830 0.200 15.0 6000 629 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 12.0 6000 590 N 2 1.128 2 1.128 2.000 2.000 2.730 0.100 15.0 6000 630 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 6000 591 N 2 1.270 2 1.210 2.000 2.000 2.730 0 100 15.0 6000 631 y 4 1.270 4 1410 2.125 NA 2.510 0.310 12.0 6000 592 y 4 1410 6 1.410 2.125 NA 1940 0.310 15.0 6000 632 N 2 1.128 2 1.128 2.125 2.125 2.690 0.155 12.0 6000 593 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 633 N 2 1.270 2 1.270 2.125 2.125 2.690 0. ISS 12.0 6000 594 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 15.0 6000 634 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 595 N 4 1.410 4 1410 2.125 2.125 2.410 0.310 15.0 6000 635 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 \3.0 6000 596 y 4 1.410 6 1.410 2.125 NA 1.940 0.310 15.0 6000 636 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 597 N 4 1.410 4 1.410 2.125 2.125 2.410 0.310 15.0 6000 637 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 13.0 6000 598 y 6 1.410 6 1.410 2.125 NA 0.880 0.103 8.0 6000 638 y 6 1.410 6 1.410 2.125 NA 0.880 0,207 13.0 6000 599 N 4 1410 4 1410 2.125 2.125 2.410 0.155 8.0 6000 639 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 13.0 6000 600 y 6 1.410 6 1.410 2.125 NA 0.880 0.\03 80 6000 640 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
Spliced Bars• Cover Transverse Reinf. 
Splice Top A Bars B Bars c, c. Csi At!n ' r, No. Bar # bars db (in.) #bars db (in.) (in.) (in.) (in.) (in 1 ) (in.) (psi) 
Table D. Ia 
Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bim* Cover Transverse Reinf. 
Splice Top A Bars B Bars c, Cw Csi A,/n s r, 
No Bar #bars db(in.) #bars db(in.) (in.) (in.) (in_) (in. 2) <!_~:) (psi) 
Ml N 4 I .270 4 1410 2.125 2.125 2.510 0.310 13.0 6000 
642 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
6H N 4 1.270 4 1410 2.125 2.125 2.510 0.310 13.0 6000 
644 y 6 1410 6 1410 2.125 NA 0.880 0.207 13.0 6000 
645 N 4 1.270 4 1_270 2.125 2.125 2.600 0.310 13.0 6000 
646 y 6 1.410 6 1.410 2.125 NA 0_880 0.207 13.0 6000 
647 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 13.0 6000 
648 y 6 1.410 6 1410 2.125 NA 0.880 0.207 130 6000 
649 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 130 6000 
650 y 4 1410 4 1410 2.125 NA 2.410 0.310 9.0 6000 
651 N 4 1.410 4 I .410 2.125 2.125 2.410 0.155 9.0 6000 
652 y 4 1410 4 1.410 2.125 NA 2410 0.310 9.0 6000 
653 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
654 y 4 1.410 4 1.410 2.125 NA 2410 0.310 9.0 6000 
655 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
656 y 4 1.410 4 1.410 2.125 NA 2410 0.310 9.0 6000 
657 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
658 y 4 1_410 4 1.410 2.125 NA 2.410 0.310 9.0 6000 
659 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
660 y 4 1.410 4 1.410 2.125 NA 2410 0.310 9.0 6000 
661 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
662 y 4 1410 4 1.410 2.125 NA 2.410 0.310 9.0 6000 
663 N 4 1.410 4 1.410 2.125 2.125 2.410 0_155 9.0 6000 
()64 y 4 I 410 4 I 410 2.125 NA 2.410 0.310 90 6000 
(l(J) N ·I I ·110 ·I 1.·110 2.125 2125 2410 0.155 9.0 6000 
666 y 4 1.410 4 1.410 2.125 NA 2.410 ()_) 10 14.0 6000 
667 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 14.0 6000 
668 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 6000 
669 N 4 1.4 [0 4 1.410 2.125 2.125 2.410 0.155 14.0 6000 
670 y 4 1.410 4 1410 2.125 NA 2.410 0.310 14.0 6000 
671 N 4 1410 4 1.410 2.125 2125 2410 0.155 14.0 6000 
672 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 6000 
673 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 14.0 6000 
674 y 4 1270 4 1410 2.125 NA 1.510 0.155 11.0 5000 
675 N 4 1.128 4 1.128 2.125 2.125 1.790 0 155 11.0 5000 
676 y 4 1410 4 1.410 2.125 NA 1.410 0.155 12.0 5000 
677 N 4 1.128 4 1.128 2.125 2.125 1.790 0.155 12.0 5000 
678 y 4 1.410 4 1.410 2.125 NA 1.410 0.155 12_0 5000 
679 N 4 1128 4 1.128 2.125 2.125 1.790 0.155 12.0 5000 
680 y 4 1.410 4 1410 2.125 NA 1.410 0.155 12.0 5000 
Table D.Ja 
Splice data for beams in lateral load resisting frame system (continued) 
Splice Top 
No. 
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Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars* Cover Transverse Rein f. 
Splice Top A Bars B Bars c, c,. "' A,/n s r, ~ Bar !!:_bars db (in.) #bars db (in.) (in) (in.) (ln.) (in.z) (in.) (psi) 
721 N 2 1.270 2 1.270 2.125 2.125 2.690 0.155 12.0 6ooo 
722 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
723 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13.0 6000 
724 y 6 1.410 6 1410 2.125 NA 0.880 0.207 13.0 6000 
725 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 13.0 6000 
726 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 l3.0 6000 
727 N 4 1.270 4 1.270 2.125 2.125 2.600 0.3\0 13.0 6000 
728 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
729 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13.0 6000 
730 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
731 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13.0 6000 
732 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
733 N 4 1.270 4 1.270 2.125 2.125 2.600 0.310 130 6000 
734 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
735 N 4 1.270 4 1.270 2.125 2.125 2600 0.310 13.0 6000 
736 y 6 1.410 6 1.410 2.125 NA 0.880 0.207 13.0 6000 
737 N 4 1.270 4 1.410 2.125 2.125 2.510 0.310 13.0 6000 
738 y 4 1.410 4 1410 2.125 NA 2410 0310 9.0 6000 
'739 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
740 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 9.0 6000 
741 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
742 y 4 1.410 4 1.410 2.125 NA 2.4l0 0.310 9.0 6000 
743 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 90 6000 
744 y 4 1.410 4 1.410 2.125 NA 2410 0.310 9.0 6000 
745 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
746 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 90 6000 
747 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
748 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 9.0 6000 
749 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
750 y 4 1410 4 1.410 2.125 NA 2.410 0.310 9.0 6000 
751 N 4 1.410 4 1.410 2,125 2.125 2.410 0.155 9.0 6000 
752 y 4 1.410 4 I .410 2.125 NA 2.410 0.310 9.0 6000 
753 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 9.0 6000 
754 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 6000 
755 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 14.0 6000 
756 y 4 1.410 4 1410 2.125 NA 2.410 0.310 14.0 6000 
757 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 14.0 6000 
758 y 4 1.410 4 1.410 2.125 NA 2.410 0.310 14.0 6000 
759 N 4 1.410 4 1.410 2.125 2.125 2.410 0.155 14.0 6000 
760 y 4 1.410 4 1.410 2.125 NA 2 410 0.310 14.0 6000 
Table D. Ia 
Splice data for beams in lateral load resisting frame system (continued) 
Spliced Bars* Cover 
Splice Top A Bars B Bars c, '~ 
No. Bar # bars db (in.) #bars db (in.) (in.) (in.) 
761 N 4 1410 4 1 .410 2.125 2.125 
762 y 3 1.128 3 1.128 2.125 NA 
763 N 2 1.128 2 1.128 2.125 2.125 
764 N 2 1.270 2 1.270 2.125 2.125 
765 y 3 Ll28 3 1.128 2.125 NA 
766 y 3 1.128 3 l.l28 2.125 NA 
767 y 4 1.410 6 1.410 2.125 NA 
768 N 4 1.270 4 1.270 2.125 2.125 
769 y 4 1.410 4 1.410 2.125 NA 
770 N 4 1.270 4 1.270 2_125 2.125 
771 y 4 1.410 6 1.410 2.125 NA 
772 N 4 1.270 4 1.270 2.125 2.125 
773 y 4 1.410 4 1.410 2.125 NA 
774 N 4 1.270 4 1.410 2.125 2.125 
775 y 4 1.410 4 1.410 2.125 NA 
776 N 4 1.270 4 1.270 2.125 2.125 
777 y 4 1.410 4 1.410 2.125 NA 
778 N 4 1.270 4 1.410 2.125 2.125 
779 y 4 1.410 4 1.410 2.125 NA 
780 N 4 1.270 4 1.410 2.125 2.125 
781 y 4 1.410 4 1.410 2.125 NA 
782 N 4 1.270 4 1.270 2.125 2.125 
783 y 4 1.410 4 1410 2.125 NA 
784 N 4 1.270 4 1.410 2.125 2.125 
785 y 4 1.270 4 1.410 2.125 NA 
786 N 4 1.128 4 1.270 2.125 2.125 
787 y 4 1.410 4 1.410 2.125 NA 
788 N 4 1.270 4 1.270 2.125 2.125 
789 y 4 1.270 4 1.410 2.125 NA 
790 N 4 1.128 4 1.270 2.125 2.125 
791 y 3 1.128 4 1.128 2.000 NA 
792 N 2 1.128 2 1.128 2.000 2.000 
793 N 2 1.270 2 1.270 2.000 2.000 
794 y 4 1.128 4 1.128 2.000 NA 
795 N 2 1.128 2 1.128 2.000 2.000 
796 N 2 1.270 2 1.270 2.000 2.000 
797 y 3 1.128 4 1.128 2.000 NA 
798 N 2 1.128 2 1.128 2.000 2.000 
799 N 2 1.270 2 1.270 2.000 2.000 
800 y 4 1.410 6 1.410 2.125 NA 
c, 































































































































Splice data for beauts in lateral load resisting frame system (continued) 
Spliced Bars• Cover Transverse Reinf 
Splice Top A Bars B Bars '• '· c,; A,)n s r, 
No. Bar #bars db (in.) #bars db (in.) (in.) (in.) (in.) (in?) (in.) (psi) 
801 N 4 1.128 4 1.128 2.125 2.125 1.790 0.155 10.0 5000 
802 y 4 1.410 6 1410 2.125 NA 0.940 0.155 10.0 5000 
803 y 2 l.llH 3 1.270 2.000 NA 1.260 0.100 16.0 5000 
804 y 2 1.270 3 1.270 2.000 NA 1.260 0.100 16.0 5000 
805 N 2 1.128 2 1.128 2.000 2.000 1.730 0.100 16.0 5000 
806 N 2 1.270 2 1.270 2.000 2.000 1.730 0.100 16 0 5000 
807 y 2 1.128 3 1.270 2000 NA 1.260 0.100 16.0 5000 
808 y 2 1.270 3 1.270 2.000 NA 1.260 0.100 16.0 5000 
809 N 4 1.128 4 1.410 2.125 2.125 1.600 0.155 8.0 5000 
810 y 4 1.410 4 1.410 2125 NA 1410 0.155 10.0 5000 
811 N 4 1.128 4 1.410 2.125 2.125 1.600 0.155 80 5000 
812 y 2 1.128 2 1.128 2.000 NA 1730 0.100 10.0 5000 
813 y 2 1.270 2 1.270 2.000 NA 1.730 0.100 10.0 5000 
814 N 2 1.128 2 1.128 2.000 2.000 1.730 0.100 10.0 5000 
815 N 2 1.270 2 1.270 2.000 2.000 1.730 0.100 10.0 5000 
816 N 4 1.128 4 1.128 2.000 2.000 1.780 0.100 9.0 5000 w 
817 y 4 1.270 4 1.270 2.000 NA 1.640 0.100 10.0 5000 
..,, 
V> 
818 N 4 1.128 4 1.128 2.000 2.000 1780 0.100 9.0 5000 
* A bars spliced to B bars 
I in.= 25.4 mm; I psi= 6.89 kPa 
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 11 (Eq. 3.13+} I,(Eq 314H) Change in weight of steel (Jb) 
Spl. Is I, Conv. New* ~onv. New' ACI'91 Eq.313' .I, Eq 314H 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.* New** Conv.• New** 
161 96.00 60.66 40.19 33.48 41.20 34.23 -626 -98 8 ·110.7 -97.1 -109.4 
1112 71Ul0 4201 ]2% 29.~2 ]2 96 29.42 -51.6 ·64 6 -69.7 -64.6 -69.7 
163 %.00 60.66 40.19 33.4! 41.20 34.23 -62.6 -9S.S -110.7 -YJ.J -109.4 
164 78.00 42.03 32 96 29.42 32.96 29.42 -51.6 -64.6 -69.7 -64.6 -69.7 
165 96.00 60.66 40.19 33.48 41.20 34.23 -62.6 -98.8 -110.7 -97.1 -109.4 
166 78.00 42.03 32.96 29.42 32.96 29.42 -51.6 -64.6 -69.7 -64.6 -69.7 
167 96.00 60.66 40.19 33.48 41.20 34.23 -62.6 -98.8 -110.7 -97.1 -109.4 
168 78.00 42.03 32.96 29.42 32.96 29.42 -51.6 -64.6 -69.7 -64.6 -69.7 
169 96.00 60.66 40.19 33.48 41.20 34.23 -62.6 -98.8 -110.7 -97.1 -109.4 
170 78.00 42.03 32.96 29.42 32.96 29.42 -51.6 -64.6 -69.7 -64.6 -69.7 
171 96.00 60.66 40.19 33.48 41.20 34.23 -62.6 -98.8 -110.7 -97. I -109.4 
172 78.00 42.03 32.96 29 42 32.96 29.42 -51.6 -64.6 -69.7 -64.6 -69.7 
173 78.00 54.64 36 60 31.39 37.76 32.28 -41.4 -73.3 -82.6 -71.3 -81.0 
174 67.00 37.33 28.27 25.80 28.27 25.80 -26.3 -34.3 -36.5 -34.3 -36.5 
175 78.00 42.03 34.51 31.35 34.51 31.35 -31.9 -38.5 -41.3 -38.5 -4!.3 
176 7800 54 64 36.44 31.26 37.76 32.28 -33.5 -59 6 -67.0 -57.7 -65.6 
177 96.00 47.67 41.04 37.12 41.04 37.12 -85.6 -97.3 -1043 -97.3 -1043 
I 78 78.00 54.64 36.44 31.26 37.76 32.28 -33.5 -59.6 -67.0 -57.7 -65.6 
179 96.00 47.67 41.04 37.12 41.04 37.12 -85.6 -97 3 -104,3 -97.3 -104.3 
180 78.00 54.64 36.44 31.26 37.76 32.28 -33.5 -59.6 -67.0 -57.7 -65.6 
181 96.00 47.67 41.04 37.12 41.04 37.12 -85.6 -97.3 -104.3 -97.3 -104.3 
182 78.00 54 64 3044 31.26 37.76 3228 -33.5 -596 -67 () -57.7 -65.6 
183 96.00 47.67 41.0~ 37.12 41.04 37.12 -85.6 -97.3 -104.3 -97.3 -104.3 
184 78.00 54.64 36.60 31.39 37.76 32.28 -41.4 -73.3 -82.6 -71.3 -81.0 
ISS 67.00 37.33 28 27 25,80 28.27 25.80 -26.3 -34 3 -36.5 -34.3 -36.5 
186 78.00 42.03 34.51 31.35 34.51 31.35 -31.9 -38.5 -41.3 -38.5 -41.3 
187 96.00 60.66 45.91 39.83 47.17 40.82 -62.6 -88.7 -99.5 -86.5 -97.7 
188 67.00 37.33 29.13 26.92 29.13 26.92 -21.3 -27.2 -28.7 -27.2 -28.7 
189 78.00 42.03 35.62 32.78 35.62 32.78 -25.8 -30.4 -32.4 -30.4 -32.4 
190 96.00 60 66 45.91 39.83 47.17 40.82 -62.6 -88.7 -99.5 -86.5 -97.7 
191 78.00 42.03 35.62 32.78 35.62 32.78 -51.6 -60.8 -64.9 -60.8 -64.9 
192 96.00 60.66 45 91 39.83 47.17 40.82 -62.6 -88.7 -99.5 -86.5 -97.7 
193 78.00 42.03 35.62 32.78 35.62 32.78 -51.6 -60.8 -64.9 -60.8 -649 
194 96.00 60.66 45.91 39.83 47.17 40.82 -62.6 -88 7 -99.5 -86.5 -97.7 
195 78.00 42.03 35 62 32.78 35.62 3278 -51.6 -60.8 -64.9 -60.8 -64.9 
196 96.00 60.66 45.91 3983 4717 40.82 -62.6 -88.7 -99.5 -86.5 -97.7 
197 78.00 42.03 35.62 32.78 35.62 32.78 -51.6 -60 8 -64 9 -60.8 -64.9 
198 96.00 60 66 45.91 39.83 47.17 40.82 -626 -88 7 -99.5 -86.5 -97.7 
199 67 00 37.33 29.13 26.92 2913 26.92 -21.3 -27.2 -28.7 -27.2 -28.7 
200 78.00 42 OJ 35.62 32.78 35.62 32.78 -25.8 -30.4 -32.4 -304 -32.4 
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system {continued) 
Orig. ACI '95 I~(Eq. 3.13+) 1, (Eq. 3. 14++) Change in weight
0
r steel (I b) 
SpL I, Is Conv. New* lronv. New* ACI '951
1 
Eq. 3.13' Eq. 3.14" 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv. * New** Conv. * New** 
201 67.00 48.53 33.37 30.93 39.22 36.06 -20.9 -38.1 -40.9 -31.5 -35.1 
202 67.00 37.33 32.S6 31.36 32.86 31.36 -21.3 -24.5 -25.6 -24.5 -25.6 
203 78 00 45.99 40.31 38.36 40.31 38.36 -23.0 -27.0 -28.4 -27.0 -28.4 
204 67.00 48.53 31.34 27.53 32.84 28.74 -20.9 -40.4 -44.7 -38.7 -434 
205 78.00 42.03 35.62 32.78 35.62 32.78 -51.6 -60.8 -64.9 -60.8 -64.9 
206 67.00 48.53 31.34 27.53 32.84 28.74 -20.9 -40.4 -44.7 -38.7 -43.4 
207 78.00 42.03 35.62 32.78 35.62 32.78 -51.6 -60.8 -64.9 -60.8 -64.9 
208 67.00 48.53 31.34 27.53 32.84 28.74 -20.9 -40.4 -44.7 -38.7 -434 
209 78.00 42.03 35.62 32.78 35.62 32.78 -51.6 -60.8 -64.9 -60.8 -64.9 
210 67.00 48.53 31.34 27.53 32.84 28.74 -20.9 -40.4 -44.7 -38.7 -43.4 
211 78.00 42.03 35.62 32.78 35.62 32.78 -51.6 -60.8 -64.9 -60 8 -64.9 
212 67.00 48.53 33.37 30.93 39.22 36.06 -20.9 -38.1 -40 9 -31.5 -35.1 
213 67.00 37.33 32.86 31.36 32.86 31.36 -21.3 -24.5 -25.6 -24.5 -25.6 
214 78.00 45.99 40.31 38.36 40.31 38.36 -23.0 -27.0 -28.4 -27.0 -28.4 
215 67.00 44.30 34.72 32.02 36.84 33.87 -12.9 -18.3 -19.8 -17.1 -18.8 
216 78.00 49.98 42.40 38.94 44.97 41.16 -20.1 -25.5 -280 -23 7 -26.4 
217 67.00 34.08 30.87 29.46 30.87 29.46 -18.7 -20.5 -21.3 -20.5 -21.3 
218 78.00 41.98 37.86 36.03 37.86 36.03 -25.8 -28.8 -30.1 -28.8 -30.1 
219 67.00 44.30 34.72 32.02 36.84 33.87 -12.9 -18.3 -19.8 -17 .I -18.8 
220 78.00 49.98 42.40 38.94 44.97 41.16 -20.1 -25.5 -28 0 -23.7 -26.4 
221 67.00 34.08 30.87 29.46 30.87 29.46 -18.7 -20.5 -21.3 -20.5 -21.3 
222 78.00 4 I .98 37.86 36.03 37.86 36.03 -25.8 -28.8 -30.1 -28.8 -30.1 
223 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90.5 -100.0 -88.2 -98.2 
224 96.00 42.60 35.55 31.21 35.55 31.21 -94.6 -107.1 -114.7 -107.1 -114.7 
225 96.00 55.37 44.93 39.54 46.21 40,58 -71.9 -90.5 -100.0 -il8.2 -9S.2 
226 96.00 42.60 35.55 31.21 35.55 31.21 -94.6 -107.1 -114.7 -107.1 -114.7 
227 96.00 55.37 37.73 31.43 38.70 32.15 -71.9 -103.2 -114.4 -101.5 -113.1 
228 96.00 42.60 36.74 32.64 36.74 32.64 -94.6 -105.0 -112.2 -105.0 -112.2 
229 96.00 55.37 37.73 31.43 38.70 32.15 -71.9 -103.2 -114.4 -101.5 -113.1 
230 96.00 42.60 36.74 32.64 36.74 32.64 -94.6 -105.0 -112 2 -105.0 -112.2 
231 96.00 55.37 40.7!! 34.76 41.88 35.60 -71.9 -97.8 -IOlU -95.9 -107.0 
232 96.00 43.52 38.55 34.87 38.55 34.87 -92.9 -101.8 -108.3 -101.8 -108.3 
233 96.00 55.37 40.78 34.76 41.88 35.60 -71.9 -97.8 -108.5 -95.9 -107.0 
234 96.00 43.52 38.55 34.87 38.55 34.87 -92.9 -101.8 -108.3 -101.8 -108.3 
235 9600 55.37 42.01 36.15 43.16 37.05 -71.9 -95.6 -106.0 -936 -1044 
236 96.00 44.24 39.25 35.76 39.25 35.76 -91.7 -100.5 -106.7 -100.5 -106.7 
237 96.00 55.37 4201 36.15 43.16 3705 -71.9 -95.6 -106.0 -93.6 -104.4 
238 96.00 44.24 39.25 35.76 39.25 35.76 -91.7 -100.5 -106.7 -100.5 -106.7 
239 96.00 55.37 42.01 36.15 43_16 37.05 -71.9 -95.6 -106.0 -93.6 -104.4 





Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 l,(Eq. 3.13f) l,(Eq. 3.14H) Change in weight of steel (lb) 
Spl. ~~ I, Conv. New* lronv. New* ACI'95,, Eq. 313' ,, Eq. 314,. 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv. * New*'~- Conv. * New** 
241 96.00 55.37 42.01 36.15 43.16 37.05 -71.9 -95.6 -106.0 -936 -104.4 
242 96.00 44.24 39.25 35.76 39.25 35.76 -91.7 -100.5 -106.7 -100.5 -106.7 
243 96.00 55.37 40.78 34.76 41.88 35.60 -71.9 -97.8 -108.5 -95.9 -107 0 
244 96.00 43.52 38.55 34.87 38.55 34.87 -92.9 -!OJ .8 -108.3 -101.8 -108.3 
245 96.00 55.37 40.78 34.76 41.88 35.60 -71.9 -97.8 -108.5 -95.9 -107.0 
246 96.00 43.52 38 55 34.87 38.55 34.87 -92.9 -101.8 -108.3 -101.8 -108.3 
247 96.00 60.66 43.44 37.03 44.58 37.90 -62.6 -93.1 -104.4 -91.1 -102.9 
248 96.00 47.67 41.04 37.12 41.04 37.12 -85.6 -97.3 -104.3 -97.3 -104.3 
249 96.00 60.66 43.44 37.03 44.58 37_90 -62.6 -93.1 -104.4 -91.1 -1029 
250 96.00 47.67 41.04 37.12 41.04 37.12 -85.6 -97.3 -104.3 -97.3 -104.3 
251 96.00 60.66 44.76 38.51 45.96 39.44 -62.6 -90.8 -101.8 -88.6 -100.2 
252 96.00 48.47 41.78 38_07 41.78 38.07 -84.2 -96.0 -102 6 -96.0 -102.6 
253 96_00 60 66 44.76 38 51 45.96 39.44 -62.6 -90 8 -101,8 -88.6 -100.2 
254 96.00 48_47 41.78 38.07 41.78 38.07 -84.2 -96.0 -102.6 -96.0 -102.6 
255 96.00 60_66 47.86 42.12 49.20 43.20 -62.6 -85.3 -95.4 -82.9 -93.5 
256 67.00 37.33 29.79 27.78 29.79 27.78 -16.8 -21.1 -22.2 -21.1 -22.2 
257 78.00 42.03 36.46 33.89 36.46 33.89 -25.8 -29.8 -31.6 -29.8 -31.6 
258 96.00 60.66 47.86 42.12 49.20 43.20 -62_6 -85 3 -95.4 -82.9 -93.5 
259 67.00 37.33 29.79 27.78 29.79 27.78 -16_8 -21.1 -22.2 -21.1 -22.2 
260 78.00 42.03 36.46 33 89 36.46 33.89 -25.8 -298 -31.6 -29.8 -31.6 
261 78.00 54.64 40.63 36.17 42_21 37.48 -33.5 -53.6 -60.0 -51.3 -58.1 
262 78.00 42.05 36.81 34.35 36.81 34.35 -51.6 -59.1 -62.6 -59.1 -62.6 
263 78.00 54 64 40.63 36.17 42.21 37.48 -33.5 -53 6 -60.0 -51.3 -58.1 
264 78 00 42.05 36.!\l 34.35 36 81 3435 -51.6 -59.1 -626 -59.1 -62.6 
2{15 %.00 ()() 1>6 45_91 ]9 K1 ·17 17 -tO K2 -(12.6 -88 7 -99.5 -K6.5 -97.7 
266 67.00 37.33 29.13 26.92 2'} 13 26.92 -16.8 -215 -22.7 -21.5 -22.7 
267 78.00 42 03 35_62 32.78 35.62 32.78 -25.8 -30.4 -32 4 -30.4 -32.4 
268 96.00 60.66 45.91 39.83 47.17 40.82 -62.6 -88.7 -99.5 -86.5 -97.7 
269 67_00 37.33 29.13 26.92 29.13 26.92 -16.8 -215 -22.7 -2\.5 -22.7 
270 78.00 42.03 35.62 32.78 35.62 32_78 -25.8 -30.4 -32.4 -30.4 -32.4 
271 67.00 48_53 37.10 34.20 39.22 36.06 -10.5 -16 9 -18 6 -15.7 -17.5 
272 78.00 54_75 45.30 41.59 47.88 43.82 -16.7 -23.5 -26 I -21.6 -24.5 
273 67.00 37.33 32_86 31_36 32.86 31.36 -16.8 -19.3 -20.2 -19.3 -20.2 
274 78.00 45.99 40.31 38.36 40.31 38 36 -23.0 -27.0 -28.4 -27.0 -28.4 
275 67.00 48.53 37.10 34.20 39.22 36.06 -10.5 -16.9 -18.6 -15.7 -17.5 
276 78_00 54.75 45.30 41.59 47.88 43.82 -16_7 -23.5 -26.1 ~21.6 -24.5 
277 67.00 37.33 3286 31_36 3286 3136 ~1 6.8 ~ 19.3 -20.2 -19.3 -20.2 
278 78.00 45.99 40.31 38.36 40.31 38.36 -23.0 ~27.0 -28.4 -27.0 -28.4 
279 96.00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -I 03.8 -91.6 -102.1 
280 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 ~22.5 -23.6 
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I,(Eq.3.13) !, (Eq. 3.14-++) Change in weiglll.r steel (I b) 
SpL I, I, Conv. New* Conv. New* ACI '951( Eq 313' Eq. 3.14" 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.* New** Conv.* New** 
281 78.00 38_37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
282 96 00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -103.8 -916 -102.1 
283 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23 6 -22.5 -23.6 
284 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
285 96.00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -103.8 -91.6 ~102.1 
286 67.00 34.08 27.36 25.29 27.36 25.29 ~18.7 -22.5 -23.6 -22_5 -23.6 
287 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -319 -33.9 -319 -33.9 
288 96.00 62.86 49.73 42.99 54.94 46.90 -88.0 -122.9 -140.8 -!09.1 -130.4 
289 96.00 48.36 38.25 33.07 42_26 36.07 -\26.6 -153.4 -167.2 -142.8 -159.2 
290 96.00 62.86 49.73 42.99 54,94 46.90 -88.0 -122.9 -140.8 -109.1 -130.4 
291 96.00 48.36 38.25 33.07 42.26 36.07 -126.6 -153.4 -167_2 -142.8 -159.2 
292 96.00 62.86 49.73 42.99 54.94 46.90 -88.0 -122.9 -140 8 -109.1 -130.4 
293 96.00 48.36 38.25 33.07 42.26 36.07 -126.6 -153.4 -167.2 -142.8 -159.2 
294 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -990 
295 96_00 42.60 32.21 27.39 33.69 28.45 -141.9 -169.5 -182.3 -165.5 -179.5 
296 96.00 80.89 58_36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
297 96 00 62_22 44.89 38.38 54.10 45.17 -89.7 -135.8 -153_1 -111.3 -135.0 
298 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
299 96.00 42_60 32.21 27.39 33.69 28.45 -141.9 -169.5 -182.3 -165.5 -179.5 
300 96.00 82.24 59.26 50.90 71.58 60_07 -36 6 -97.6 -I I 9.8 -64.9 -95.4 
301 96.00 42.60 32.72 27.96 32.72 27.96 -94.6 -112.1 -120.5 -112.1 -120.5 
302 96.00 82.24 59.26 50.90 71.58 60.07 -36.6 -'J7.6 -119.8 -64.9 -95.4 
303 96.00 42.60 32.72 27.96 32.72 27 96 -94.6 -I 12.1 -120.5 -112.1 -120.5 
304 96.00 82.24 59.26 50.90 71.58 60_07 -36 6 -97.6 -119.8 -64.9 -95.4 
305 96.00 42.60 32.72 27.96 :12,72 27_96 -94 6 -112 I -120.5 -112.1 -120.5 
306 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
307 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -1083 -116.2 -1083 -116.2 
308 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87 8 -108.4 -50.8 -79.9 
309 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108_3 -116.2 -108.3 -116.2 
310 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
311 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108.3 -116.2 -108.3 -116.2 
312 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50_8 -79.9 
313 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
314 96.00 89.68 64.17 56.62 78.60 67.89 -16.8 -84.6 -104.6 -46.2 -74.7 
315 96.00 42.60 35.55 31.21 35.55 31_2! -94.6 -107.1 -114.7 -107.1 -114_7 
316 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
317 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
318 96.00 82.24 59.26 50_90 71.58 60.07 -36.6 -97.6 -119.8 -64.9 -95.4 
319 96.00 42.60 32.72 27.96 32.72 27.96 -94.6 -112.1 -120.5 -112.1 -120.5 





Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq. 3. 13+) I5 (Eq. 3.14++) Chaoge in weight.rstee\ (\b) 
SpL Is I~ ~~nv. New• jconv. New• AC\ '95,, Eq. 3.13' Eq 3 14H 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.• New*' Conv.• New*' 
321 96.00 42.60 32.72 27.96 32.72 27.96 -94.6 -I 12.1 -120.5 -I 12.\ -120.5 
322 96.00 82.24 59.26 50.90 71.58 60.07 -36.6 -97.6 -I 19.8 -64.9 -95.4 
323 96.00 42.60 32.72 27.96 32.72 27.96 -94.6 -1\2.1 -120.5 -112.\ -\20.5 
324 96.00 96.23 67.18 5888 81.83 70.17 0.6 -76.6 -98.6 -37.6 -68.6 
325 78.00 42.03 31.34 27.47 31.34 27.47 -63.7 -82.6 -89.5 -82.6 -89.5 
326 96.00 96.23 67.18 58.88 81.83 70.17 0.6 -76.6 -98.6 -37.6 -68.6 
327 96.00 46.66 37.11 32.36 37.11 3236 -87.4 -104.3 -112.7 -104.3 -112.7 
328 96.00 96.23 67.18 5888 81.83 70.17 06 -76.6 -98.6 -37.6 -68.6 
329 78.00 42.03 31.34 27.47 31.34 27.47 -63.7 -112.6 -89.5 -82.6 -89.5 
330 96.00 96.23 67.18 58.88 81.83 70.17 0.6 -76.6 -98.6 -37.6 -68.6 
331 78.00 42.03 31.34 27.47 31.34 27.47 -63.7 -82.6 -89.5 -82.6 -89.5 
332 96.00 96.23 67.18 58.88 81.83 70.17 0.6 -76.6 -98.6 -37.6 -68.6 
333 96.00 46.66 37.11 32.36 37.11 32.36 -87.4 -104.3 -112.7 -104.3 -112.7 
334 96.00 96.23 67.18 58.88 81.83 70.17 0.6 -76.6 -98.6 -37.6 -68.6 
335 78.00 42.03 31.34 27.47 31.34 27.47 -63.7 -82.6 -89.5 -82.6 -89.5 
336 96.00 60.66 48.69 43.10 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
337 78.00 42.03 32.47 28.83 32.47 28.83 -51.6 -65.3 -70.5 -65.3 -70.5 
338 96.00 60.66 48 69 43.10 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
339 78.00 42.03 32.47 28.83 32.47 28.83 -51.6 -65.3 -70.5 -65.3 -70.5 
340 96.00 60.66 48.69 43.10 50.07 44.23 -62.6 -83 8 -93.7 -81.3 -91.7 
341 78.00 42.03 32.47 28.83 32.47 28.83 -51.6 -65.3 -70.5 -65.3 -70.5 
342 96.00 60.66 48 69 43.10 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
343 67.00 37.33 26.68 23.81 26.68 23.81 -21.3 -28.9 -31.0 -28.9 -3\.0 
344 78.00 42.03 32.47 28.83 32.47 28.83 -25.8 -32.7 -35.3 -32.7 -35.3 
345 96,00 60.66 4!:{_61) 43.10 50 07 44 23 -62.6 -83.8 -93.7 -81.3 -91.7 
346 78.00 42.03 32.47 28.83 32.47 28.83 -51.6 -65.3 -70 5 -65.3 -70.5 
347 96.00 60.66 48.69 43.10 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
348 67.00 37.33 26.68 23.81 26.68 23.81 -21.3 -28_9 -31.0 -28.9 -31.0 
349 78.00 42 03 32.47 28.83 32.47 28.83 -25.8 -32.7 -35.3 -32.7 -35.3 
350 78.00 54.64 39.43 34 65 40.74 35.71 -4\.4 -68.3 -76.8 -66.0 -74.9 
351 67.00 37.33 29.4S 27.38 29.48 27.38 -33.6 -42.5 -44.9 -42.5 -44.9 
352 96.00 60.66 47.86 42.12 49.20 43.20 -62.6 -&5.3 -95.4 -82.9 -93.5 
353 67.00 37.33 29.79 27.78 29.79 27.78 -33.6 -42.2 -44.4 -42.2 -44.4 
354 78.00 54.64 39.43 34.65 40.74 35.71 -41.4 -68.3 -76.8 -66.0 -74.9 
355 67.00 37.33 29.48 27.38 29.48 27.38 -33.6 -42.5 -44 9 -42.5 -44.9 
356 96.00 60.66 48.69 43.10 50.07 44.23 -62.6 -&3.8 -93.7 -81.3 -91.7 
357 67.00 37.33 30.05 28.15 30.05 28.15 -16.8 -20.9 -22.0 -20.9 -22.0 
358 78.00 42.05 36.81 34.35 36.81 34.35 -25.8 -29.5 -31.3 -29_5 -313 
359 96.00 60 66 48.69 43.10 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
360 67.00 37.33 30.05 28.15 30.05 28.15 -16.8 -20.9 -22.0 -20.9 -22.0 
Table ll.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq. 3.13') I,(Eq. 3.14++) Change in weighT steel (\b) 
Spl. li 1. ~~nv. New• Conv. New• ACI'95l
1 
Eq3.13• Eq.3.14t+ 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.• New*' Conv • New" 
36\ 78.00 4205 36.81 34.35 36.8\ 34.35 -25.8 -29.5 -31.3 -29.5 -31.3 
362 96.00 60.66 48.69 43.10 5007 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
363 67.00 37.33 30.05 28. I 5 30.05 28. I 5 -16.8 -20.9 -22.0 -20.9 -22.0 
364 78 00 42.05 36.81 34.35 36.8\ 34.35 -25.8 -29.5 -3\J -29.5 -3\J 
365 96.00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -103.8 -9\.6 -102.1 
366 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 -22.5 -23.6 
367 78.00 38.37 33.46 30.79 33 46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
368 96.00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -I 03.8 -91.6 -\02.1 
369 67.00 34.08 27.36 25.29 27.36 25.29 -I 8.7 -22.5 -23.6 -22.5 -23.6 
370 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
371 96.00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -103.8 -91.6 -102.1 
372 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 -22.5 -23.6 
373 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
374 96.00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -103.8 -91.6 -102.1 
375 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 -22.5 -23.6 
376 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
377 96.00 85_80 61.61 53.61 74.93 63.74 -27.1 -91.3 -112.6 -56.0 -85.7 
378 78.00 38.37 28.80 25.06 29.15 25.32 -85.3 -105.8 -113.9 -105.1 -113.3 
379 96.00 85.80 61.61 53.61 74.93 63.74 -27. I -91.3 -112.6 -56.0 -85.7 
380 78.00 51.29 38.81 34.11 45.98 39.67 -57.5 -84.3 -94.4 -68.9 -82.5 
381 96.00 85.80 61.61 53.61 74.93 63.74 -27.1 -91.3 -112.6 -56.0 -85.7 
3&2 78.00 51.29 38.81 34.11 45.98 39.67 -57.5 -84 3 -94.4 -689 -82.5 
383 96.00 92.95 66.30 59.20 81.71 71.50 -8. I -78.9 -97.8 -38.0 -65.1 
384 78.00 38.37 30.96 27.63 31.35 27.95 -85.3 -101.2 -10!:{ 4 -100.4 -107.7 
385 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
386 78.00 38.37 27.28 23.33 27.59 23.55 -85.3 -109.1 -117.6 -108.5 -117.1 
387 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
388 78.00 48.47 36.92 31.90 43.40 36.77 -63_5 -88.4 -99.2 -74.4 -88.7 
389 96.00 80.89 58.36 49.89 70.32 58.72 -40 1 -100.0 -122.5 -68.2 -99.0 
390 78.00 48.47 3692 31.90 43.40 36.77 -63.5 -88.4 -99.2 -74.4 -88.7 
391 96.00 92.95 66.30 59.20 81.71 71.50 -8.1 -78.9 -97 g -38.0 -65.1 
392 78.00 38.37 30.96 27.63 31.35 27.95 -85.3 -101.2 -108.4 -100.4 -107.7 
393 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108 4 -50.8 -79.9 
394 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 ·108.3 -116.2 -108.3 -116.2 
395 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
396 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108.3 -1162 -108.3 -116.2 
397 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
398 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108 3 -116.2 -108.3 -116.2 
399 96.00 92.95 66.30 59.20 81.71 71.50 -8.1 -78.9 -97.8 -38 0 -65.1 




Sf,licc lengths and material savings for beams in 
lateral load .-csisting fume system (continued) 
Orig. ACI '95 I, (Eq 3.13') I, {Eq_ 3.14++) Change in weight of steel (I b) 
srL I, I, Conv. New* Conv. New* ACI'95,, Eq. 313' ·I Eq 314" 
Nu. (in_) (in.) (iu) (in.) (in) (in_) Conv.• New"' Conv.• NcwU 
401 %.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
402 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108.3 -116.2 -108.3 -116.2 
403 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
404 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -1083 -116.2 -108.3 -116.2 
405 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
406 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108.3 -116.2 -108.3 -116.2 
407 96.00 92.95 66.30 59.20 81.71 71.50 -8.1 -78.9 -97.8 -38.0 -65.1 
408 96.00 42.60 36.74 32 64 36.74 32.64 -94.6 -105.0 -112.2 -105.0 -112.2 
409 96.00 87_85 62.96 55.19 76.86 65.91 -2l.7 -87.8 -108.4 -50.8 -79.9 
410 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108.3 -116.2 -108.3 -116.2 
411 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50 8 -79.9 
412 96.00 42.60 34.85 30.40 34.85 30.40 -94.6 -108.3 -116.2 -108_3 -116.2 
413 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
414 96.00 42.60 34.85 30.40 34 85 30.40 -94.6 -\08.3 -I !6.2 -108.3 -116.2 
415 96.00 92.95 66.30 59.20 8L71 71.50 -8.1 -78 9 -97.8 -38.0 -65.1 
416 96.00 42.60 36.74 32.64 36_74 32.64 -94.6 -105.0 -112.2 -105.0 -112.2 
417 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
418 78.00 38.37 27.28 23.33 27.59 23.55 -85.3 -109.1 -117.6 -108.5 -117.1 
419 96.00 8089 58_36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
420 78.00 48.47 36_92 31.90 43.40 36.77 -63.5 -88.4 -99.2 -74.4 -88.7 
421 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100_0 -122.5 -68.2 -99.0 
422 78.00 48.47 36.92 31.90 43.40 36.77 -63.5 -88.4 -99.2 -74.4 -88.7 
423 96.00 92.95 66_30 59.20 81.71 71_50 -8.1 -78 9 -97_8 -38.0 -65.1 
424 7K.OO JlU7 30_% 27.6.3 JUS 27.95 -85.3 -101.2 -108 4 -100.4 -107.7 
425 96.00 91.47 64.11 55.32 77.47 65.32 -12_0 -84.7 -108.1 -49.2 -81.5 
426 96,00 46 66 35.35 30.34 35.35 30.34 -87.4 -107.4 -116.3 -107.4 -116.3 
427 96_00 93.99 65.74 57_]9 79.77 67.86 -5.3 -80.4 -103.1 -43.1 -74.7 
428 96.00 46 66 36.28 31.40 36_28 3 I .40 -87.4 -105.8 -114.4 -1058 -114.4 
429 96.00 93 99 65.74 57.19 79.77 67.86 -5.3 -80.4 -I 03.1 -431 -74.7 
430 96.00 46.66 36.28 3140 36.28 31.40 -87.4 -105.8 -114.4 -105.8 -114.4 
431 96.00 101.82 70_73 63.16 86.99 76.12 15.5 -67.1 -87.2 -23.9 -52.8 
432 96.00 46_66 39.11 34.75 39.11 34.75 -87.4 -100.7 -108.5 -100_7 -108.5 
433 96.00 93.99 65_74 57.19 79.77 67.86 -5.3 -80.4 -103.1 -43.1 -74.7 
434 96 00 46.66 36.28 31.40 36.28 31.40 -87.4 -105.8 -114.4 -105.8 -114.4 
435 96.00 93.99 65.74 57.19 79.77 67_86 -5.3 -80.4 -103.1 -431 -74.7 
436 96.00 46.66 36.28 31.40 36.28 31.40 -87.4 ~105.8 -114.4 -105.8 -114.4 
437 96.00 93.99 65.74 57.19 79.77 67.86 -5.3 -80.4 -103.1 -43.1 -74.7 
438 96.00 46.66 36.28 31.40 36.28 31.40 -87.4 -105_8 -114_4 -105.8 -114.4 
439 96.00 104.67 72_54 65.39 89.64 79.27 23.0 -62.3 -81 .3 -16.9 -44.4 
440 96.00 46.74 40.16 36.03 40.16 36.03 -87 2 -98.9 -106.2 -98.9 -106.2 
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq. 3.13') I,(Eq 3.14*) Change in weight of steel (!b) 





No. (in.) (in.} (in.) (in ) (in.) (in.) Conv.* Ncwu Conv• New-* 
441 96.00 61.59 49.90 44.09 52.66 46.25 -91.4 -122.5 -137.9 -115.1 -132.2 
442 78.00 42.03 32.47 28.83 32.47 28_83 -51.6 -65.3 -70_5 -65.3 -70.5 
443 96.00 60.66 48.69 43.10 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
444 78.00 42.03 32.47 28.83 32.47 28_83 -51_6 -65.3 -70.5 -65.3 -70.5 
445 96.00 60.66 48.69 43.\0 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
446 78.00 42.03 32.47 28.83 32.47 28.83 -51.6 -653 -70.5 -65.3 -70.5 
447 96.00 70.81 57.63 53.92 6\.35 57.16 -66.9 -101.9 -II 1_8 -921 -103.2 
448 78.00 42.03 35.11 32.11 35.11 32.11 -51.6 -61.5 -65.8 -61.5 -65.8 
449 96.00 61.59 49.90 44.09 52.66 46.25 -91.4 -122.5 -137_9 -115_1 -132.2 
450 78_00 42.03 32.47 28.83 32.47 28.83 -51.6 -65.3 -70.5 -65.3 -70_5 
451 96.00 60_66 48.69 43.10 50.07 44.23 -62.6 -83.8 -93_7 -81 _] -91.7 
452 78.00 42.03 32.47 28.83 32.47 28.83 -51.6 -65.3 -70.5 -65.3 -70.5 
453 96.00 60.66 48.69 43.10 50,07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
454 78.00 42.03 32.47 28.83 32.47 28.83 -51.6 -65.3 -70.5 -65.3 -70.5 
455 96.00 70.81 57.63 53.92 61.35 57.16 -66.9 -101.9 -Ill .8 -92.1 -103.2 
456 78,00 42.03 35.11 32.11 35.11 32.11 -51.6 -61.5 -65.8 -61.5 -65.8 
457 96.00 60.66 41.94 35.36 43.01 36.18 -62.6 -95.7 -107.4 -93.8 -105.9 
458 67,00 37.33 27.72 25.10 27.72 25.10 -21.3 -28.2 -30.0 -28.2 -30.0 
459 78.00 42.03 33.80 30.46 33.80 30.46 -25.8 -31.7 -34.1 -31.7 -34.1 
460 96.00 60.66 41.94 35.36 43.01 36.18 -62.6 -95.7 -107.4 -93.8 -\05.9 
461 78.00 42.03 33.80 30.46 33.80 30.46 -51.6 -63.4 -68.2 -63.4 -68.2 
462 96.00 60,66 41.94 35.36 43.01 36.18 -62.6 -95.7 -107.4 -93.8 -105.9 
463 78.00 42.03 33.80 30.46 33.80 30.46 -51.6 -63.4 -68.2 -63.4 -68_2 
464 96.00 60.66 48.69 43.10 50.07 44.23 -62.6 -83.8 -93.7 -81.3 -91.7 
465 67.00 37.33 30.05 28.15 30.05 28.15 -21.3 -26.5 -27,9 -26.5 -27.9 
466 78.00 42.05 36.81 34.35 36.81 34.35 -25.8 -29.5 -31 .3 -29.5 -31.3 
467 96.00 60.66 45.91 39.83 47.17 40.82 -62.6 -88.7 -99.5 -86.5 -97.7 
468 67.00 37.33 29.13 26.92 29.13 26.92 -16.8 -21.5 -22_7 -21.5 -22.7 
469 78.00 42.03 35.62 32.78 35.62 32.78 -25.8 -304 -32.4 -304 -32.4 
470 67.00 51.43 42.51 40.57 45.47 43.27 -17.6 -27.8 -30.0 -24.4 -26.9 
471 67.00 39.56 32_86 31.36 34.98 33.28 -311 -38.7 -40.4 -36.3 -38.2 
472 96.00 55.37 45.70 40.46 47.03 41.55 -71.9 -89.1 -98.4 -86.7 -96.4 
473 67.00 34.08 28.23 26.44 28.23 26.44 -18.7 -22.0 -23.0 -220 -23.0 
474 78.00 38.39 34.58 32.26 34.58 32_26 -28.4 -31.1 -32.8 -31.1 -32.8 
475 96.00 55.37 45.70 40.46 47.03 41.55 -71.9 -89.1 -98.4 -86.7 -96.4 
476 67.00 34.08 28.23 26.44 28.23 26.44 -18.7 -22.0 ~23.0 -22.0 -23.0 
477 78.00 38.39 34.58 32.26 34.58 32.26 -28.4 -31.1 -32.8 -311 -32.8 
478 78.00 49.88 38.32 34.10 39.65 35.20 -49 8 -70.3 -77.7 -67.9 -75.8 
479 67.00 34.08 28.23 26.44 28.23 26.44 -18.7 -22.0 -23_0 -22.0 -23.0 





S(Jlicc tcnglhs aud material savings for hcnms in 
laleralload resisting frame system (continued) 
Orig. ACI '95 I,(Eq. 3.13•) 15 (Eq. 3.14++) Change in weight of steel (I b) 
Spl. I, I, Conv. New* Conv. New* ACI '951( Eq. 3.13+ .[
1 
Eq. 3.14++ 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.* New** Conv-* New** 
481 78.00 49.88 38.32 34.10 39.65 35.20 -49.8 -70 3 -77.7 -67.9 -75.8 
482 67.00 34.08 28.23 26.44 28.23 26.44 -18.7 -22.0 -23.0 -22.0 -23.0 
483 78.00 38 39 34 58 32.26 34.58 32.26 -28.4 -31.1 -32.8 -31.1 -32.8 
484 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -1084 -50.8 -79.9 
485 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -924 
486 96.00 89.68 64.17 56.62 78.60 67.89 -16.8 -84.6 -104.6 -46.2 -74.7 
487 78.00 38.37 29.99 26.47 29.99 26.47 -56.8 -68.9 -73.9 -68.9 -73.9 
488 96.00 89.68 64.17 56.62 78.60 67.89 -16.8 -84.6 -104.6 -46.2 -74.7 
489 78 00 38.37 29.99 26.47 29.99 26.47 -56 8 -68 9 -73.9 -68.9 -73.9 
490 96.00 89.68 64.17 56.62 78.60 67.89 -16.8 -84.6 -104.6 -46.2 -74.7 
491 78.00 38.37 29.99 26.47 29.99 26.47 -70.2 -85.0 -91.3 -85.0 -91.3 
492 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87 8 -108.4 -50.8 -79.9 
493 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
494 96.00 89.68 64.17 56.62 78.60 67.89 -16.8 -84.6 -104.6 -46.2 -74.7 
495 78.00 38.37 29.99 26.47 29.99 26.47 -56.8 -68.9 -73.9 -68.9 -73.9 
496 96.00 89.68 64.17 56.62 78.60 67.89 -16.8 -84.6 -104.6 -46.2 -74.7 
497 78.00 38.37 29.99 26 47 29.99 26.47 -56.8 -68.9 -73.9 -68.9 -73.9 
498 96.00 89 68 64.17 56.62 78.60 67 89 -16.8 -84.6 -l04.6 -46.2 -74.7 
499 78.00 38.37 29 99 26.47 29.99 26.47 -70.2 -85.0 -91.3 -85.0 -91.3 
500 96.00 56.22 46.86 41.41 49.46 43.44 -105.7 -130.5 -145.0 -123.6 -139.6 
501 96.00 42 60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -113.4 
502 96.00 91.34 65.25 57.92 80.17 69.70 -12.4 -81.7 -1012 -42.0 -69.9 
503 96.00 42.60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -113.4 
504 96.00 91.34 65.25 57.92 80.17 69.70 -124 -81.7 -101.2 -42.0 -69.9 
505 96.00 42.60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -113.4 
506 96.00 57.07 47.59 42.29 50 28 44.41 -103.4 -128 6 -142.7 -121.5 -137.1 
507 IJ6.00 42.60 36.74 32.64 36.74 32.64 -94.6 -1050 -112.2 -105.0 -112.2 
. 508 96.00 56.22 46.86 41.41 49.46 43.44 -105.7 -130.5 -145.0 -\23.6 -139.6 
509 96.00 42.60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -!06.0 -113.4 
510 96.00 91.34 65.25 57.92 80.17 69.70 -12.4 -81.7 -101.2 -42.0 -69.9 
511 96.00 42.60 36.17 31.96 36.17 31.96 -94 6 -106.0 -113.4 -106.0 -113.4 
512 96.00 91.34 65.25 57.92 80.17 69 70 -12.4 -8\.7 -101.2 -42.0 -69.9 
513 96,00 42.60 36,17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -113.4 
514 96.00 57.07 47.59 42.29 50.28 44.41 -103.4 -128.6 -142.7 -121.5 -137.1 
515 96.00 42.60 36.74 32.64 36.74 32.64 -94.6 -105.0 -112.2 -105.0 -112.2 
516 96.00 56.22 46.86 41.41 49.46 43.44 -105.7 -130.5 -145.0 ~123.6 -l39.6 
517 96.00 42.60 36.17 31.96 36.17 31.96 -94.6 ~106.0 -113.4 -106.0 -113.4 
518 96.00 91.34 65 25 57.92 80.17 69,70 -12.4 -81 7 -101.2 -42.0 -69.9 
519 96.00 42.60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -113.4 
520 96.00 56 22 46.86 41.41 49.46 43.4.1- -105.7 -130.5 -145.0 -\23.6 -139.6 
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq. 3.13•) I,(Eq314*) Change in weight of steel (I b) 
SpL I, '· iconv. New* Conv. New* ACI '9511 Eq. 3.13+ *I( Eq. 3.14++ No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.* New** Conv.* New** 
521 9600 42 60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -113.4 
522 96.00 55.37 37.73 31.43 38.70 32.15 -71.9 -103.2 -114.4 -101.5 -113_\ 
523 96.00 42.60 36.74 32.64 36.74 3264 -94.6 -105.0 -112.2 -105.0 -112.2 
524 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
525 78.00 38.37 27.28 23.33 27.87 23.75 -105.3 -134.7 -145.2 -133.2 -144.1 
526 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
527 96.00 62.22 44.89 38.38 54.10 45.17 -89.7 -135.8 -153.1 -111.3 -135.0 
528 96.00 80.89 58.36 49.89 70.32 58.72 -40 I -100.0 -122.5 -68.2 -99.0 
529 96.00 62.22 44.89 38.38 54.10 45.17 -89.7 -135.8 -153.1 -111.3 -135.0 
530 96.00 80.89 58.36 49.89 70.32 58.72 -40.1 -100.0 -122.5 -68.2 -99.0 
531 78.00 38.37 27.28 23.33 27.87 23.75 -105.3 -134.7 -145.2 -133.2 -144.1 
532 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 -89.6 -113.6 -56.1 -88 9 
533 78.00 42.03 29.05 24.83 29.67 25.29 -95.6 -130.0 -141.2 -128.4 -140.0 
534 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 -89.6 -113.6 -56.1 -88.9 
535 96.00 68.16 47.90 40.95 57.59 48.09 -73.9 -127.8 -146.2 -102.0 -127.3 
536 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 -89.6 -113.6 -56. I -88.9 
537 96.00 68.16 47.90 40.95 57.59 48.09 -73.9 -127.8 -146.2 -102.0 -127.3 
538 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 -89.6 -113.6 -56.1 -88.9 
539 78.00 42 OJ 29.05 24.83 29.67 25.29 -95.6 -130.0 -141.2 -128.4 -140.0 
540 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 -89.6 -1 13.6 -56.1 -88.9 
541 78.00 42 03 29.05 24.83 29.05 24.83 -77.4 -105.3 "114.4 -105.3 -114.4 
542 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 -89.6 -113 6 -56.1 -88.9 
543 78.00 54.84 40.10 34.55 47.71 40.23 -61.5 -100.7 -115.4 -80.5 -100.3 
544 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 ~89.6 -113.6 -56.1 -88.9 
545 96.00 68.16 47.90 40.95 57.59 48.09 ~73.9 -127.8 -146.2 ·102.0 -127.3 
546 96.00 88.61 62.27 53.23 74.87 62.52 -19.6 -89.6 -113.6 -56.1 -88 9 
547 78.00 42.03 29.05 24.83 29.67 25.29 -95.6 -130.0 -141.2 -128.4 -140.0 
548 96.00 91.47 64.11 55.32 77.47 65.32 -12.0 -84.7 -108.1 -49.2 -81.5 
549 78.00 42.03 29.91 25.81 29.91 25.81 -63.7 -85.2 ~92.4 -85.2 -92.4 
550 96.00 93.99 65.74 57.19 79.77 67.86 -5.3 -80.4 -103.1 -43.1 -74.7 
551 96.00 46.66 36.28 31.40 36.28 31.40 -87.4 -105.8 -114.4 -105.8 -114.4 
552 96.00 93.99 65.74 57.19 79.77 67.86 ~5.3 -80.4 -103. I -43.1 -74.7 
553 96.00 46.66 36.28 31.40 36.28 31.40 -87.4 -105.8 -114.4 -105.8 -114.4 
554 96.00 96.23 67.18 58.88 81.83 70.17 0.6 -76.6 -98.6 -37.6 -68.6 
555 96.00 46.66 37.11 32.36 37.11 32.36 -87.4 -104.3 -112.7 -104.3 -112.7 
556 96.00 96.23 67.18 58.88 81.83 70.17 0.6 -76.6 -98.6 -37.6 -68.6 
557 67.00 37.33 25.79 22.74 25.79 22.74 -52.5 -73_0 -78.4 -73.0 -78.4 
558 96.00 98.24 68.46 60.41 83.68 72.28 6.0 -73.2 -94.6 -32.7 -63.0 
559 96.00 46.66 37.85 33.23 37.85 33.23 -87.4 -103.0 -111.2 -103.0 -Ill 2 





Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq 3.13') I,(Eq 3.14") Change in weight of steel (I b) 
Spl I, I, Conv. New* Conv. New* ACI'9511 Eq.3_13+ ·I; Eq.3.14++ 
No. (in.) {in.) (in.) (in) (in.) (in.) Conv.• New** Conv.* New** 
561 96 00 46.66 37.85 33.23 37.85 33.23 -87.4 -103.0 -1112 -103.0 -1112 
562 96 00 61.59 49_90 H 09 52.06 46.25 -914 -122.5 -!37.9 -115.1 -1322 
563 67.00 37.33 26 68 23.81 26.68 23.81 -52.5 -71 .4 -76.5 -71.4 -76.5 
564 78.00 54.64 36.60 31.39 37.76 32.28 -41_4 -73.3 -82.6 -71.3 -81.0 
565 67.00 37.33 28.27 25.80 28.27 25.80 -21.3 -27 8 -29.5 -27.8 -29.5 
566 78.00 42.03 34.51 31.35 34.51 31.35 -25.8 -31.2 -33.5 -31.2 -33.5 
567 96.00 60.66 41.94 35.36 43.01 36.18 -62.6 -95.7 -107.4 -93.8 -105.9 
568 78.00 42.03 33.80 30.46 33.80 30.46 -51.6 -63.4 -68.2 -63.4 -68.2 
569 96.00 60.66 41.94 35.36 43.01 36.18 -62.6 -95 7 -1074 -93.8 -105.9 
570 78.00 42.03 33.80 30.46 33.80 30.46 -51.6 -63.4 -68_2 -63.4 -68.2 
571 78.00 54.64 36.60 31.39 37.76 32.28 -41.4 -73.3 -82.6 -713 -81.0 
572 67.00 37.33 28.27 25.80 28.27 25.80 -21.3 -27 8 -29.5 -27.8 ·29.5 
573 78.00 42.03 34.51 31_35 34.51 31_35 -25 8 -31.2 -33.5 -31.2 -33.5 
574 67.00 48.53 33.37 29.87 34.68 30.96 -32.7 -59.6 -65.8 -57.2 -63.8 
575 67.00 37.33 30.05 28.15 30.05 28 15 -16.8 -20.9 -22.0 -20.9 -22.0 
576 78.00 42.05 36.81 34.35 36_81 3435 -25.8 -29 5 -31.3 -29.5 -31.3 
577 96.00 60.66 48 6'-J 43.10 50.07 44.23 -62.6 -83 8 -93.7 -81.3 -91.7 
578 67.00 37.33 30.05 28. IS 30.05 28.15 -16.8 -20.9 -22.0 -20.9 -220 
579 78.00 42.05 36_81 34.35 36.81 34.35 -25.8 -29.5 -31.3 -29.5 -31.3 
580 67.00 48.53 33_37 29.87 34.68 30.96 -32.7 -59 6 -65.8 -57.2 -63.8 
581 67.00 37.33 30_05 28.15 30.05 28.15 -16.8 -20.9 -22.0 -20.9 -22.0 
582 78.00 42_05 36.81 34_35 36.81 34.35 -25.8 -29.5 -3L3 -29.5 -31.3 
583 67.00 44.30 34.51 31.84 36.84 33.87 -25.7 -36_8 -39.9 -34.2 -37.6 
584 67_00 34_08 30.87 29.46 30.87 29.46 -18.7 -20 5 -21.3 -20.5 ·21.3 
5B5 78.00 41.98 37.86 36.03 37.86 36_03 -25.8 ·28.8 -30.1 -28 8 -30.1 
586 67.00 44.30 34.51 31.84 36.84 33.87 -25.7 -36.8 -39.9 -34.2 -37.6 
587 67.00 34.08 30.87 29.46 30.87 29.46 -18.7 -20.5 -21.3 -20.5 -21.3 
588 78.00 41.98 37_86 36.03 37_86 36.03 -25.8 -28.8 -30.1 -28 8 -30.1 
589 67.00 44.30 34.51 31.84 36.84 33.87 -25.7 -36.8 -39.9 -34.2 -37.6 
590 67 _00 34.08 30_87 29.46 30.87 29.46 -18.7 -20.5 -21.3 -20.5 -2 I _3 
591 78.00 41.98 37.86 36.03 37.86 36.03 -25.8 -28 8 ·30.1 -28.8 -30.1 
592 96_00 56.22 46_86 41.41 49.46 43.44 -105.7 -130.5 -145.0 -123.6 -139.6 
593 96_00 42.60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -113.4 
594 96_00 55.37 45.70 40.46 47.03 41.55 -71.9 ~89.1 -98.4 -86.7 -96.4 
595 96.00 42.60 36.17 31.96 36.17 31.96 -94.6 -106.0 -113.4 -106.0 -1134 
596 96.00 56.22 46_86 41.41 49_46 43.44 -105.7 ~130.5 -145.0 -123.6 -139.6 
597 96.00 42.60 36.17 31.96 36.17 31.96 -94.6 -1060 -113.4 -106.0 -1134 
598 96.00 92 95 6630 59.20 8171 71.50 -8.1 -78.9 -97.8 -38.0 -65.1 
599 96_00 42.60 36.74 32.64 36.74 32.64 -94.6 -105 0 -112.2 -\05.0 -112.2 
600 96.00 92.95 66.30 59.20 8171 71.50 -8.1 -78.9 -97.8 -38.0 -65.1 
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting fl·ame system (continued) 
Orig. ACI '95 ls(Eq. 3.13+) I, (Eq. 3J4++) Change in weight.rsteel (lb) 
Spl. I, I, Conv. New• Conv. New* ACI '951, Eq 3.!3' Eq. 3.14-
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv. • New*"' Conv.• New*"' 
601 96.00 42.60 36.74 32.64 36.74 32.64 -94.6 ~105.0 -112.2 -105.0 -112.2 
602 96.00 92.95 6630 59.20 81.71 71.50 -8.1 -78.9 -97_8 -38.0 -65.1 
603 96.00 42_60 36.74 32.64 36.74 32.64 -94.6 -105.0 -112.2 -105.0 -112.2 
604 96.00 57_07 47.59 42.29 50.28 44.41 -103.4 -128.6 -142.7 -121.5 -137.1 
605 67.00 34.08 25.42 22.81 25.42 22.81 -47.2 -59.6 -63.4 -59.6 -63.4 
606 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -111_2 -98.5 -109.8 
607 78.00 38.37 31.75 28.61 31.75 28.61 -56.8 -66.3 -70 8 -66.3 -70.8 
608 96.00 57.07 47.59 42.29 50.28 44.41 "103.4 -128.6 -142.7 -121.5 -137.1 
609 67.00 34.08 25.42 22.81 25.42 22_8\ -47.2 -59.6 ·63.4 -59.6 -63 4 
610 96.00 57.07 47.59 42.29 50.28 44.41 -103.4 -128.6 -142_7 -121.5 -137.1 
611 67.00 34.08 25.42 22.81 25.42 22_81 ·47.2 ·59.6 -63.4 -59.6 ·63.4 
612 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -1003 -111.2 -98.5 -109.8 
613 78 00 3837 3175 28.61 31.75 28.61 -56.8 -66.3 -70.8 -663 -70.8 
614 96.00 57.07 47.59 42.29 50.28 44.41 -103.4 -128.6 -142.7 -121.5 -137.1 
615 67.00 34.08 25.42 22.81 25.42 22.81 -47 2 -59.6 -63.4 -59.6 -63.4 
616 78.00 49.88 37.70 33.35 38.99 34.41 -49.8 -71.4 -79.1 -69.1 -77.2 
617 67.00 34.08 26.77 24.51 26.77 24.51 -37.3 -45 6 -48.2 -45.6 -48.2 
618 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90.5 -100.0 -88.2 ·98.2 
619 67.00 34.08 26.77 24.51 26.77 24.51 -28.0 -34_2 -36.1 -34.2 -36.1 
620 78.00 49.88 37.70 33.35 38.99 34.41 -49.8 -71 4 -79.1 -69.1 -77.2 
621 67_00 34.08 26.77 24.51 26.77 24.51 -37.3 -45.6 -48.2 -45.6 -48.2 
622 78.00 49.88 36.23 31.61 37.44 32.58 -49.8 -74.0 -82.2 -71_8 -80.4 
623 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 -22.5 ·23.6 
624 78.00 38.37 33.46 30_79 33.46 30.79 -28.4 -31.9 -33_9 -31.9 -33.9 
625 96.00 55.37 43.10 37.39 44.30 38_34 -71.9 -93.7 -I 03.8 -91.6 -102.1 
626 67.00 34.08 27.36 25.29 27.36 25_29 -18.7 ·22.5 -23.6 -22.5 -23.6 
627 78.00 38.37 33.46 30.79 33.46 30.79 ·28.4 -31.9 -33 9 -31.9 -33.9 
628 96.00 55.37 43.10 37.39 44.30 38.34 -71.9 -93.7 -103.8 -91.6 ~102.1 
629 67.00 34.08 27.36 25.29 27.36 25_29 -18.7 -22.5 -23.6 -22.5 -23.6 
630 78.00 38.37 33.46 30.79 33.46 30_79 -28.4 -31.9 -33.9 -31.9 -33.9 
63 I 78.00 49 88 36.23 31.61 37.44 32.58 -49.8 -74.0 -82 2 -71.8 -80.4 
632 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 -22.5 -23.6 
633 78.00 38 37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
634 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
635 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
636 96.00 87.85 62.96 55.19 76.86 65.9\ -21.7 -87.8 -108.4 -50.8 -79.9 
637 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -69.7 -74_9 -69.7 ·74.9 
638 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -\08.4 -50.8 -79.9 
639 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -69_7 -74_9 ·69.7 -74.9 





Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq 3.13') 15 (Eq_ 3.14++) Change in weight of steel (I b) 
Spl. I, I, Conv. New* Conv. New* ACI '951
1 
Eq. 3.13+ •I; Eq. 3_14++ 
No. (in) (in.) (in.) (in.) (in.) (in.) Conv. * Newu Conv. * New** 
64 t 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
642 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
643 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
644 96 00 87.85 62.96 55.19 76.86 65.91 -21.1 -87.8 -108.4 -50.8 -19.9 
645 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -69.7 -74.9 -69.7 -74.9 
646 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
647 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -69.7 -74.9 -69.7 -74.9 
648 96.00 87.85 62.96 55.19 76.86 65.91 -21 .7 -87 8 -\08.4 -50.8 -79.9 
649 78.00 38.37 2') 43 25.80 29.43 25.80 -70.2 -86_0 -92.4 -86.0 -92.4 
650 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109.8 
651 9600 42.67 37.72 33.84 37.72 33_84 -94.4 -103.2 -110.1 -103.2 -110.1 
652 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -1112 -98.5 -109.8 
653 96 00 42.67 37.72 33.84 37.72 33.84 -94.4 -103_2 -1\0.1 -103.2 -110.1 
654 96.00 55 37 39.37 33_20 40.40 33.98 -71.9 -100_3 -111.2 -98.5 -109.8 
655 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -103.2 -1\0.1 -103.2 -1\0.1 
656 96.00 55.37 39.37 33.20 40.40 33.98 -71_9 -100.3 -111.2 -98.5 -109.8 
657 96.00 42.67 37.72 33.84 37_72 33.84 -94.4 -103.2 -110.1 -\03.2 -110_1 
658 96.00 55.37 39.37 33_20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109.8 
659 96.00 42.67 37.72 33 84 37.72 33.84 -94.4 -103.2 -110.1 -103.2 -110.1 
660 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109 8 
661 96.00 42 67 37.72 33.84 37.72 33.84 -94.4 -103.2 -110_1 -103.2 -1\0J 
662 96.00 55.37 39 37 33_20 40.40 33.98 -71_9 -100.3 -111.2 -98.5 -109.8 
(){)) 96_00 <12.67 37.72 :u 84 37.72 33_8·1 -9·1.4 -103.2 -110_1 -103.2 -110.\ 
6(J·t 96.oo ss.:n 3937 JJ.:w 40.4o H98 -71.9 -100.3 -111.2 -98.5 -109.8 
665 96.00 42.67 37.72 33.8-\ 37.72 33.84 -94.4 -103.2 -110.1 -103.2 -110.1 
666 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90_5 -100.0 -88.2 -98.2 
667 96.00 45.88 40.84 37.82 40.84 37.82 -88.8 -97.7 -\03.0 -97.7 -103.0 
668 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90.5 -100.0 -88.2 -98.2 
669 96.00 45.88 40.84 37.82 40.84 37_82 -88.8 -97.7 -103_0 -97.7 -103.0 
670 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90 5 -100.0 -882 -98.2 
671 96.00 45.88 40.84 37.82 40.84 37.82 -88_8 -97.7 -103.0 -97.7 -103.0 
672 96.00 55.37 44.93 39.54 46.21 40.58 -71 .9 -90.5 -100.0 -88.2 -98.2 
673 96.00 45.88 40.84 37_82 40.84 37.82 -88 8 -97.7 -103_0 -97.7 -103.0 
674 78.00 64.04 50.02 45.35 55.94 50.20 -24.7 -49.6 -57.8 -39.1 -49.2 
675 67.00 37.33 29.37 26.93 32.07 29.19 -33.6 -42.7 -45.4 -39.6 -42.9 
676 96.00 8125 6183 56.06 69.80 62.61 -26_1 -60.5 -70.7 -464 -59.1 
677 67.00 37.33 29 78 27.47 32.57 29.83 -33.6 -42.2 -44.8 -39.0 -42.1 
678 96.00 8125 6183 56.06 6980 62.61 -26. I -605 -70.7 -46.4 -59.1 
679 67.00 37.33 29.78 27.47 32.57 29_83 -33.6 -42 2 -44.8 -39.0 -42.1 
680 96.00 81.25 61.83 56.06 69.80 62.61 -26_1 -60 5 -70.7 -46.4 -591 ----
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq. 3.13') I, (Eq. 3.l4++} ~5rge in weight. rleel (lb) 
Spl. I, 1, Conv. New* jconv. New* ACI '95 Eq 313' Eq 3.14-
No. (in.} (in_) (in.) (in.) (in.) (in.) Conv.* New** Conv * New** 
681 67.00 37.33 29.78 27.47 32.57 29.83 -33.6 -42_2 -44.8 -39_0 -42.1 
682 78.00 65.17 50.83 46.38 56.95 51.46 -22.7 -48.1 -56.0 -37 _3 -47.0 
683 67.00 37.33 29.78 27.47 32.57 29.83 -33.6 -42.2 -44.8 -39.0 -42.\ 
684 78.00 61.98 48.81 44.42 54.15 48.16 -23.0 -41.8 -48.2 -342 -41.9 
685 67.00 37.33 29.37 26.93 32.07 29.19 -33.6 -42_7 -45.4 -39_6 -42.9 
686 78.00 63.04 49.65 45.41 55.09 49.94 -21.5 -40.7 -46_8 -32.9 -40.2 
687 67.00 37.33 29.78 27.47 32.57 29.83 -33.6 -42_2 -44.8 -39.0 -42.1 
688 78.00 65.17 50.83 46.38 56.95 51.46 -22.7 -48.1 -56.0 -37.3 -47.0 
689 67.00 37.33 29.78 27.47 32.57 29.83 -33 6 -42.2 -44 8 -39.0 -42.1 
690 96.00 81.25 61.83 56.06 69.80 62.61 -212 -49,0 -57.3 -37.6 -47_9 
691 67.00 37.33 29.78 27.47 32.57 29.83 -33 6 -42.2 -44.8 -39.0 -42.1 
692 78.00 65.17 50.83 46.38 56_95 51.46 -22_7 -48.1 -56.0 -37 _3 -47.0 
693 67.00 37.33 29.78 27.47 32.57 29_83 -33.6 -42.2 -44.8 -39.0 -42.1 
694 78.00 6198 48.87 44.42 54.15 48.76 -23 0 -41.8 -48_2 -34.2 -41.9 
695 67.00 37.33 29.37 26.93 32.07 29.19 -33.6 -42_7 -45.4 -39.6 -42.9 
696 78.00 61_98 48.87 44.42 54.15 48.76 -23.0 -41.8 -48 2 -34.2 -41.9 
697 67.00 37.33 29.37 26.93 32_07 29.19 -33.6 -42.7 -45.4 -39.6 -429 
698 78.00 64_04 50.02 45.35 55.94 50.20 -24.7 -49_6 -57.8 -39.1 -49_2 
699 67.00 37.33 29.37 26.93 32.07 29.19 -33.6 -42.7 -45 4 -39.6 -42.9 
700 96.00 81.25 61.83 56.06 69.80 62.61 -26_1 -60.5 -70.7 -46.4 -59.1 
701 67.00 37.33 29.78 27.47 32.57 29.83 -33.6 -42.2 -44_8 -39.0 -42.1 
702 96.00 8 I .25 61.83 56.06 69.80 62.6\ -26_1 -60.5 -70 7 -46.4 -59.1 
703 67.00 37.33 29.78 27.47 32.57 29_83 -33.6 -42.2 -44 8 -YJ.O -42.1 
704 67.00 50.65 41.93 39.77 44.81 42.36 -18_5 -28.4 -3()_9 -25.1 -27.9 
705 67.00 3S.96 32.42 30.74 34.47 32_58 -31.8 -39.2 -41.1 -36.9 -39.0 
706 67.00 44.30 29.56 25.96 30.85 27.00 -12.9 -21.2 -23.3 -20.5 -22.7 
707 78.00 49.88 35.89 31.34 37.44 32.58 -20.2 -30.2 -33.5 -29.1 -32.6 
708 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23_6 -22.5 -23.6 
709 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33_9 -31.9 -33.9 
710 67.00 44.30 29.56 25.96 30.85 27.00 -12.9 -21.2 -23.3 -20.5 -22.7 
711 78.00 49.88 35.89 31.34 37.44 32.58 -20.2 -30.2 -33.5 -29.1 -32.6 
712 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 -22.5 -23.6 
713 78.00 38.37 33.46 30.79 33_46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
714 67.00 44.30 29.56 25.96 30.85 27.00 -12.9 -21.2 -23.3 -20.5 -22.7 
715 78.00 49.88 35.89 31.34 37.44 32.58 -202 -30.2 -33.5 -29.1 -32.6 
716 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -22.5 -23.6 -22.5 -23.6 
717 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
718 67.00 44.30 29.56 25.96 30.85 27.00 -12.9 -21.2 -23.3 -20.5 -22.7 
719 78.00 49.88 35.89 3L34 37.44 32.58 -20.2 -30.2 -33 5 -29.1 -32.6 





Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq 3 13') I, (Eq. 3.14++) rgo in woigh: rsteol (I b) 
Spl. I, I, Conv. New• Conv. New* ACI'95 Eq.3.13+ Eq.3.14++ 
No. (in) (in.) (in) (m) (ln.) (in.) Conv.* New** Conv * New** 
721 78.00 38.37 3346 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
722 96.00 87 85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
723 71:!.00 3l:U7 29.43 25.80 29 43 25.80 -70.2 -86 0 -92.4 -860 -92.4 
724 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87 8 -108.4 -50.8 -79.9 
725 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -69 7 -74.9 -69.7 -74.9 
726 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
727 78.00 38 37 29.43 25.80 29.43 25.80 -56.8 -69.7 -74.9 -69.7 -74.9 
728 96.00 87.85 62 96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
729 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
730 96.00 87.85 62 96 55.19 76.86 65.91 -21.7 -87 8 -108.4 -50.8 -79.9 
731 78.00 38.37 29.43 25.80 29.43 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
732 96.00 87.85 6296 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
733 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -69.7 -74 9 -69.7 -74.9 
734 96.00 87.85 62.96 55.19 76.86 65.91 -21.7 -87 8 -108.4 -50.8 -79.9 
735 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -697 -74.9 -69.7 -74.9 
736 96.00 87.85 62 96 55.19 76.86 65.91 -21.7 -87.8 -108.4 -50.8 -79.9 
737 78.00 38.37 2943 25.80 2943 25.80 -70.2 -86.0 -92.4 -86.0 -92.4 
738 96,00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109.8 
739 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -103.2 -110.1 -103.2 -l!O.\ 
740 96.00 55.37 39.37 33 20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109.8 
741 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -103.2 -110.1 -103.2 -110.1 
742 96.00 55.37 39.37 33.20 40.40 33.98 ~71.9 -100.3 -111.2 -98.5 -109.8 
743 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -103.2 ~110.1 ~103.2 -110.1 
744 96.00 55.37 39 37 33.20 40.40 33.9!! -7 !.9 -1003 -111.2 -9!!.5 -109.8 
745 96.00 42.67 37.72 33.84 37.72 33.!!4 -94.4 -103.2 -110.1 -1032 -110.1 
746 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109.8 
747 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -103.2 -ll0.1 -103.2 -110.1 
748 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109.8 
749 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -103.2 -110.1 -103.2 -110.1 
750 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -111.2 -98.5 -109.8 
751 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -103.2 -110.1 -103.2 -110.1 
752 96.00 55.37 39.37 33.20 40.40 33.98 -71.9 -100.3 -lll.2 -98.5 -109.8 
753 96.00 42.67 37.72 33.84 37.72 33.84 -94.4 -1032 -110.1 -103.2 -110.1 
754 96.00 55.37 44.93 39.54 4621 40.58 -71.9 -90.5 -100.0 -88.2 -98.2 
755 96.00 45.88 40.84 37.82 40.84 37.82 -88.8 -97.7 -103.0 -97.7 -103.0 
756 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90 5 -100.0 -88.2 -98.2 
757 96.00 45.88 40.84 37.82 40.84 37.82 -88.8 -97.7 -103.0 -97.7 -103.0 
758 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90.5 -100.0 -88.2 -98.2 
759 96.00 45.88 40.84 37.82 40.84 37.82 -88 8 -97.7 -103 0 -97.7 -103.0 
760 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90.5 -100.0 -88.2 -98.2 
Table D.lb 
Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig, ACI '95 Is (Eq. 3.13+) I, (Eq. 3.14-) Change in weight ofstee1 (!b) 
Spl. I, I, 'onv. New* Conv. New* AC1'95/ Eq,3.1J+ •I Eq.3.14++ 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.* New** Conv.* New** 
761 96.00 45.88 40.84 37.82 40.84 37.82 -88.8 -97.7 -103.0 -97.7 -1030 
762 67.00 44.30 26.59 23.73 30.85 2700 -19 3 -34.3 -36.8 -30.7 -34 0 
763 67.00 34.08 27.36 25.29 27.36 25.29 -18.7 -225 -23.6 -22.5 -23.6 
764 78.00 38.37 33.46 30.79 33.46 30.79 -28.4 -31.9 -33.9 -31.9 -33.9 
765 67.00 44.30 26.59 23.73 30.85 27.00 -19.3 -34.3 -36.8 -30.7 -34.0 
766 67.00 44.30 26.59 23.73 30.85 27.00 -19.3 -34.3 -36.8 -30.7 -34.0 
767 96.00 55.37 45.16 39.39 47.57 41.22 -107.9 -135.1 -150.4 -128.7 -145.5 
768 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 ·69.7 -74.9 -69.7 -74.9 
769 96.00 55.37 45.70 40.46 47.03 41.55 -71.9 -89.1 -98.4 -86.7 -96.4 
770 78.00 38.37 30.50 27.08 30.50 27.08 -56.8 -68, I -73.0 -68.\ -73.0 
771 96.00 55.37 45.16 39.39 47.57 41.22 -107.9 -135.1 -150.4 -128.7 -145.5 
772 78.00 38.37 29.43 25.80 29.43 25.80 -56.8 -69.7 -74.9 -69.7 -74.9 
773 96.00 55.37 37.73 31.43 38.70 32.15 -71.9 -103.2 -114.4 -101.5 -113.1 
774 78.00 38.37 30.96 27.63 30.96 27.63 -70.2 -83.3 -89.2 -83.3 -89.2 
775 96.00 55.37 37.73 31.43 38 70 32.15 -71.9 -103.2 -1144 -101.5 -\13.1 
776 78.00 38.37 30.96 27.63 30.96 27.63 -56.8 ·67:5 -72.2 -67.5 -722 
777 96.00 55.37 37.73 31.43 38.70 32.15 -71.9 -103.2-114.4 -101.5-113.1 
778 78.00 38.37 30.96 27.63 30.96 27.63 -70.2 -83.3 -89.2 -83.3 -89.2 
779 96.00 55.37 42.01 36.15 43.16 37.05 -71.9 -95.6 -106.0 -93.6 -104.4 
780 78.00 38.37 32.97 30.16 32.97 30.16 -70.2 -79.7 -84.7 -79.7 -84.7 
781 96.00 55.37 42.01 36.15 43.16 37.05 -71.9 -95.6 -106.0 -93.6 -104.4 
782 78.00 38.37 32.97 30.16 32.97 30.16 -56.8 -64.6 -68.6 -64.6 -68.6 
783 96.00 55.37 42.01 36.15 43.16 37.05 -71.9 -95.6 -\06.0 -93.6 -104.4 
7&4 7800 38.37 32.97 30.16 J2.97 30.16 -70.2 -79.7 -84.7 -79.7 -84.7 
785 78.00 49.88 37.00 32.52 38.26 33.54 -49.8 -72.6 -80.5 -70.4 -78.7 
786 67.00 34.08 27.69 25.72 27.69 25.72 -47.2 -56.4 -59.2 -56.4 -59.2 
787 96.00 55.37 44.93 39.54 46.21 40.58 -71.9 -90.5 -100 0 -88.2 -98.2 
788 78.00 38.37 34.25 31.83 34 25 31.83 -56.8 -62.8 -66.2 -62.8 -66.2 
789 78.00 49.88 37.00 32.52 38.26 33.54 -49.8 -72.6 -80.5 -70.4 -78.7 
790 67.00 34.08 27.69 25.72 27.69 25.72 -47.2 -56.4 -59.2 -56.4 -59.2 
791 67.00 44.30 31.23 28.95 36.84 33.87 -25.7 -40.5 -43.1 -34.2 -37.6 
792 67.00 34.08 30.87 29.46 30.87 29.46 -18.7 -20.5 -21.3 -20.5 -21.3 
793 78.00 41.98 37.86 36.03 37.86 36.03 -25.8 -28.8 -30.1 -28 8 -30.1 
794 67.00 44.30 34.51 31.84 36.84 33.87 -25.7 -36.8 ·39.9 -34.2 -37.6 
795 67.00 34.08 30.87 29.46 30.87 29.46 -18.7 -20.5 -21.3 -20.5 -21.3 
796 78.00 41.98 37.86 36.03 37.86 36.03 -25 8 -28 8 -30.1 -28.8 -30.1 
797 67.00 44.30 31.23 28.95 36.84 33.87 -25.7 -40.5 -43.1 -34.2 -37.6 
798 67 00 34 08 30.87 29.46 30.87 29.46 -18.7 -20.5 ·21.3 -20.5 -21.3 
799 78.00 41.98 37.86 36.03 37.86 36.03 -25.8 -28.8 -30.1 -28.8 -30.1 




Splice lengths and material savings for beams in 
lateral load resisting frame system (continued) 
Orig. ACI '95 I, (Eq 3.13') I, (Eq. 3 14~) Change in weight,r steel (I b) 
Spl. I, I, Conv. New* Conv. New* ACI '951
1 
Eq. 3.13' Eq 3 14H 
No. (in.) (in.) (in.) (in.) (in.) (in.) Conv.* New** Conv.* New** 
801 67 00 37 33 28 88 26.30 31.49 28.46 -33.6 -43.2 -46.1 -40.2 -43.7 
802 96.00 94.40 66.72 58.74 80.39 69.37 -4.2 -77.8 -99.0 -41.5 -70.7 
i!O] 67 {)() (1.') 9i\ 50 01 47 -IX 5i\.-10 55.02 -II -18.3 -21.0 .I)_J -129 
804 n.oo 80.87 60.94 57.72 70.83 66.56 3.1 -IHJ -21.8 -7.7 -12.3 
805 67.00 41.38 33.24 31.80 36.58 34.84 -14.5 -19.1 -19.9 -17.2 -18.2 
806 78.00 51.03 40.77 38.91 44.72 42.48 -19.3 -26.7 -28.0 -23.9 -25.5 
807 67.00 65.98 50.01 47.48 58.40 55.02 -1.1 -18.3 -21.0 -9.3 -12.9 
808 78 00 80.87 60.94 57.72 70.83 66.56 3.1 -18.3 -21.8 -7.7 -12.3 
809 67.00 37.33 28 94 25.77 31.97 28.16 -52.5 -67.4 -73.0 -62.0 -68.8 
810 96.00 78.18 59.55 53 22 66.93 59.11 -31.6 -64.6 -75.8 -51.5 -65.3 
811 67.00 37.33 28.94 25.77 31.97 28.16 -52.5 -67.4 -73.0 -62.0 -68.8 
812 67.00 50.80 41.13 38.47 45.03 41.87 ~9.2 -14.7 -16.2 -12.4 -14.2 
813 78.00 62.H 50.30 46,8/l 54.90 50.115 -10.9 ·19.9 -22.3 -16.6 -19.5 
814 67.00 39.07 31.64 29.59 34.64 32.20 -I 5.8 -20.0 -21.2 -18.3 -19.7 
815 78.00 48.26 38.69 36.06 42.23 39.12 -21.3 -28.2 -30.1 -25.7 -27.9 
816 67.00 37.75 31 02 28.85 33.49 30.97 -33.1 -40.8 -43 2 -38.0 -40 8 
817 78.00 64.85 5154 47.95 56.74 52.43 -18.9 -38.0 -43.1 -30.5 -36.7 
818 67.00 37.75 31 .02 28.HS 33.49 30.97 -33.1 -40.8 -43.2 -38.0 -40.8 




fy (eM J -- -1900 0.1-- + 0.9 







* Conventional reinforcement (avg. R, = 0.0727) 
** New reinforcement (avg_ Rr = 0.1275) 





Splice length ratios for beams in lateral load resisting frame system 
ACI '95 Eq. 3.13~ Eq. 3.13+ Eq. 3.14 ..... Eq. 3.14++ Eq. 3.13+ Eq. 3.13+ Eq. 3.14++Eq. 3.14 ...... Eq. 3.13~ Eq. 3J3..- New** New** 
Spl. Orig. Orig. o;::;g:-~~ ACI '95 ACI '95 ACI '95 ACI '95 Eq. 3.14.,.,_Eq. 3.14.,... Conv.* Conv.* 
No. Conv.* New*"' Conv.'" New** Conv.* New** Conv.* New** Conv.* New** Eq. 3.13'" Eq. 3.14++ 
I O.J/7 0Ar6 OA21 0.490 v_4_,_, 0.82::. 0.731 0.849 0.7::>0 0.971 0.974 0.88J 0.88_, 
2 0.482 0.430 0.400 0.430 0.400 0.891 0.829 0.891 0.829 1.000 1.000 0.930 0.930 
3 0.509 0.421 0.395 0.421 0.395 0.828 0.776 0.828 0.776 1.000 1.000 0.936 0.936 
4 0.577 0.476 0.421 0.490 0.433 0.825 0.731 0.849 0.750 0.972 0.974 0.885 0.883 
5 0.482 0.430 0.400 0.430 0.400 0.891 0.829 0.891 0.829 1.000 1.000 0.930 0.930 
6 0509 0.421 0.395 0.421 0.395 0.828 0.776 0.828 0.776 1.000 1.000 0.936 0.936 
7 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
8 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 LOGO LOGO 0.877 0.877 
9 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
lO 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
11 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
12 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
13 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
14 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
15 0.639 0.503 0.447 0.515 0.456 0.786 0.699 0.805 0.714 0.977 0.979 0.888 0.886 
16 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
17 0.639 0.503 0.447 0.515 0.456 0.786 0.699 0.805 0.714 0.977 0.979 0.888 0.886 
18 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
19 0.639 0.503 0.447 0.515 0.456 0.786 0.699 0.805 0.714 0.977 0.979 0.888 0.886 
20 0.492 0.391 0.347 0.391 0.347 0.795 0.706 0.795 0.706 1.000 1.000 0.888 0.888 
21 0.639 0.503 0.447 0.515 0.456 0.786 0.699 0.805 0.714 0.977 0.979 0.888 0.886 
22 0.492 0.391 0.347 0.391 0.347 0.795 0.706 0.795 0.706 1.000 1.000 0.888 0.888 
23 0.577 0.485 0.428 0.496 0.437 0.840 0.743 0.860 0.758 0.977 0.979 0.884 0.882 
24 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
25 0.577 0.485 0.428 0.496 0.437 0.840 0.743 0.860 0.758 0.977 0.979 0.884 0.882 
26 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
27 0.639 0.503 0.447 0.515 0.456 0.786 0.699 0.805 0.714 0.977 0.979 0.888 0.886 
28 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
29 0.639 0.503 0.4-1-7 0.515 0.456 0.786 0.699 0.805 0.714 0.977 0.979 0.888 0.886 
30 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
31 0.642 0.520 0.459 0.549 0.482 0.810 0.716 0.855 0.751 0.947 0.953 0.884 0.878 
32 0.539 0.416 0.370 0.422 0.374 0.773 0.686 0.782 0.694 0.988 0.989 0.888 0.886 
33 0.642 0.520 0.459 0.549 0.482 0.810 0.716 0.855 0.751 0.947 0.953 0.884 0.878 
34 0.539 0.416 0.370 0.422 0.374 0.773 0.686 0.782 0.694 0.988 0.989 0.888 0.886 
35 0.642 0.520 0.459 0.549 0.482 0.810 0.716 0.855 0.751 0.947 0.953 0.884 0.878 
36 0.539 0.416 0.370 0.422 0.374 0.773 0.686 0.782 0.694 0.988 0.989 0.888 0.886 
37 0.642 0.520 0.459 0.549 0.482 0.810 0.716 0.855 0.751 0.947 0.953 0.884 0.878 
38 0.539 0.416 0.370 0.422 0.374 0.773 0.686 0.782 0.694 0.988 0.989 0.888 0.886 
39 0.668 0.542 0.486 0.573 0.511 0.811 0.728 0.858 0.766 0.945 0.951 0.897 0.892 
40 0.487 0.418 0.375 0.418 0.375 0.859 0.771 0.859 0.771 1.000 LOGO 0.897 0.897 
41 0.668 0.542 0.486 0.573 0.511 0.811 0.728 0.858 0.766 0.945 0.951 0.897 0.892 
42 0.487 0.418 0.375 0.418 0.375 0.859 0.771 0.859 0.771 1.000 1.000 0.897 0.897 
43 0.700 0.571 0.519 0.598 0.542 0.815 0.740 0.854 0.773 0.955 0.958 0.908 0.906 
44 0.581 0.509 0.482 0.509 0.482 0.876 0.828 0.876 0.828 1.000 1.000 0.946 0.946 
45 0.700 0.571 0.519 0.598 0.542 0.815 0.740 0.854 0.773 0.955 0.958 0.908 0.906 
46 0.581 0.509 0.482 0.509 0.482 0.876 0.828 0.876 0.828 1.000 1.000 0.946 0.946 
47 0.724 0.498 0.446 0.518 0.462 0.688 0.615 0.715 0.638 0.962 0.965 0.895 0.893 
48 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
49 0.724 0.498 0.~6 0.5!8 0.462 0.688 0.615 0.715 0.638 0.962 0.965 0.895 0.893 
50 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
51 0.702 0.581 0.533 0.614 0.562 0.827 0.760 0.874 0.800 0.946 0.949 0.918 0.915 
52 0.557 0.490 0.468 0.490 0.468 0.880 0.840 0.880 0.840 1.000 1.000 0.954 0.954 
53 0.590 0.517 0.492 0.517 0.492 0.876 0.834 0.876 0.83-l- 1.000 1.000 0.952 0.952 
54 0.702 0.581 0.533 0.614 0.562 0.827 0.760 0.874 0.800 0.946 0.949 0.918 0.915 
55 0.557 0.490 0.468 0.490 0.468 0.880 0.840 0.880 0_840 1.000 1.000 0.954 0.954 
56 0.590 0.517 0.492 0.517 0.492 0.876 0.834 0.876 0.83-l- 1.000 1.000 0.952 0.952 
57 0.639 0.427 0.362 0.439 0.372 0.668 0.566 0.687 0.581 0.972 0.974 0.848 0.846 
58 0.577 0.409 0.345 0.421 0.354 0.709 0.598 0.730 0.614 0.972 0.975 0.843 0.841 
59 0.509 0.389 0.352 0.389 0.352 0.764 0.692 0.764 0.692 1.000 1.000 0.906 0.906 
60 0.492 0.407 0.367 0.407 0.367 0.828 0.746 0.828 0.7--1-6 1.000 1.000 0.901 0.901 
348 
Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13+ Eq. 3.13+ Eq. 3.1-I~Eq. 3.14 Eq. 3.13+ Eq. 3.13'' Eq. 3.14-Eq. 3.1-+ Eq. 3.13+ Eq. 3.13+ New*"' New** 
Spl. Orig. ~~~~~~""A'Cf95""A'Cf95Eq.3.14 ..... Eq.3.14++~~ 
No. Conv."' New•• Conv.• New•• Conv.• New•• Conv.• New•• Conv.• 
New,.. Eq. 3.13+ Eq. 3.14.,... 
61 0.:>77 0.4 !0 0.346 0.421 0 . .:~5"1 0.711 0.399 U.7JO 0.614 0.914 0.977 0.84.:~ 
0.841 
62 0.509 0.389 0352 0.389 0.352 0.764 0.692 0.764 0.692 1.000 
1.000 0.906 0.906 
63 0.492 0.407 0367 0.407 0.367 0.828 0.7-16 0.828 0.746 1.000 1.000 
0.901 0.901 
64 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.61-1 0.974 0.977 
0.843 0.841 
65 0.509 0.389 0.352 0.389 0.352 0.764 0.692 0.764 0.692 1.000 1.000 
0.906 0.906 
66 0.492 0.407 0.367 0.407 0.367 0.828 0.746 0.828 0.746 1.000 1.000 
0.901 0.901 
67 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 
0.843 0.841 
68 0.509 0.389 0.352 0.389 0,352 0.764 0.692 0.764 0.692 LOGO 1.000 0.906 
0.906 
69 0.492 0.407 0.367 0.407 0.367 0.828 0.746 0.828 0.746 1.000 1.000 
0.901 0.901 
70 0.577 0.410 0.346 0.421 0.354 0.7ll 0.599 0.730 0.614 
0.974 0.977 0.843 0.841 
71 0.509 0.389 0.352 0.389 0.352 0.764 0.692 0.764 0.692 1.000 
1.000 0.906 0.906 
72 0.492 0.407 0.367 0.407 0.367 0.828 0.746 0.828 0.746 
1.000 1.000 0.901 0 .. 901 
73 0.639 0.427 0.362 0.439 0.372 0.668 0.566 0.687 0.581 0.972 0.974 
0.848 0.846 
74 0.577 0.409 0.345 0.421 0.354 0.709 0.598 0.730 0.614 0.972 0.975 
0.843 0.841 
75 0.509 0.389 0.352 0.389 0.352 0.764 0.692 0.764 0.691 1.000 
1.000 0.906 0.906 
76 0.492 0.407 0.367 0.407 0.367 0.828 0.746 0.828 0.746 1.000 
1.000 0,901 0.901 
77 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 
0.847 0.859 0.839 
78 0.444 0.381 0.338 0.381 0.338 0.859 0.762 0.859 0.762 1.000 1.000 
0.887 0.887 
79 0.894 0.642 0.558 0.780 0.664 0.718 0.625 0.873 0.743 0.822 0.841 
0.870 0.851 
80 0.444 0.355 0.307 0.355 0.307 0.800 0.692 0.800 0.692 1.000 1.000 
0.866 0.866 
81 0.894 0.642 0.558 0.780 0.664 0.718 0.625 0.873 0.743 0.822 0.841 
0.870 0.851 
82 0.444 0.355 0.307 0.355 0.307 0.800 0.692 0.800 0.692 1.000 1.000 
0.866 0.866 
83 0.894 0.642 0.558 0.780 0.664 0.718 0.625 0.873 0.743 0.822 0.841 
0.870 0.851 
84 0.444 0.355 0.307 0.355 0.307 0.800 0.692 0.800 0.692 1.000 1.000 
0.866 0.866 
85 0.894 0.642 0.558 0.780 0.664 0.718 0.625 0.873 0.743 0.822 0.841 0.870 
0.851 
86 0.444 0.355 0.307 0,355 0.307 0.800 0.692 0.800 0.692 1.000 1.000 0.866 
0.866 
87 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 0.847 0.859 
0.839 
88 0.444 0.381 0.338 0.381 0.338 0.859 0.762 0.859 0.762 1.000 1.000 0.887 
0.887 
89 0.870 0.626 0.540 0.758 0.639 0.720 0.621 0.871 0.735 0.826 0.845 
0.863 0.843 
90 0.444 0.346 0.297 0,346 0.297 0.780 0.669 0.780 0.669 1.000 1.000 0.858 
0.858 
91 0.870 0.626 0.540 0.758 0.639 0.720 0.621 0.871 0.735 0.826 0.845 0.863 
0.843 
92 0.444 0.346 0.297 0.346 0.297 0.780 0.669 0.780 0.669 1.000 LOCO 0.858 
0.858 
93 0.870 0.626 0.540 0.758 0.639 0.720 0.621 0.871 0.735 0.826 0.845 0.863 
0.843 
94 0.444 0.346 0.297 0.346 0.297 0.780 0.669 0.780 0.669 1.000 1.000 
0.858 0.858 
95 0.870 0.626 0.540 0.758 0.639 0.720 0.621 0.871 0.735 0.826 0.845 0.863 
0.843 
96 0.444 0.346 0.297 0.346 0.297 0.780 0.669 0.780 0.669 1.000 1.000 0.858 
0.858 
97 0.870 0.626 0.540 0.758 0.639 0.720 0.621 0.871 0.735 0.826 0.845 0.863 
0.843 
98 0.444 0.346 0.297 0.346 0.297 0.780 0.669 0.780 0.669 1.000 1.000 0.858 
0.858 
99 0.870 0.626 0.540 0.758 0.639 0.720 0.621 0.871 0.735 0.826 0.845 
0.863 0.843 
100 0.444 0.346 0.297 0.346 0.297 0.780 0.669 0.780 0.669 1.000 1.000 0.858 
0.858 
101 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
102 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 
0.872 
103 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
104 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 
0.872 
105 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
106 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 
0.872 
107 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
108 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 
0.872 
109 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
110 0.444 0.363 0.317 0.363 0,317 0.818 0.714 0.818 0.714 1.000 ].000 0.872 
0.872 
111 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
112 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 
0.872 
113 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
114 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.71 .. 1.000 1.000 0.872 
0.872 
115 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
116 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.7H 1.000 !.000 0.872 
0.872 
117 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
118 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.7H 1.000 1.000 0.872 
0.872 
119 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 




Splice length ratios for beams in lateral load resisting frame system (continued) 
~ Eq. 3.13.,. Eq. 3.13 ... Eq. 3.14..-.-Eq. 3.14-Eq. 3.13"'" Eq. 3.13.,. Eq. 3.14.,....Eq. 3.14 .... Eq. 3.13 .. Eq.J.l3"" ~~ 
Spl. Orig. Orig. Orig. Orig. Orig. ACI'95 ACI'95 ACI'95 ACI'95 Eq.3.14T"I'-Eq.3.14++ Conv.* Conv.* 
No. Conv.* New** Conv.• New"'* Conv.* New•• Conv.• New•• Conv.• New** Eq. 3.13 .. Eq. 3.14-
Ill 0.9b 0.656 o.,J5 0.801 0.687 6.717 6.628 0.873 o.,.:-o 0.819 0.83 7 6.877 0.858 
122 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.71-t 1.000 1.000 0.872 0.872 
113 0.915 0.656 0575 0,801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
124 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
125 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
126 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
127 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
128 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
129 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.86-1. 
130 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
131 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
132 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 LOGO l.OGO 0.878 0.878 
133 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
134 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 LOGO 1.000 0.878 0.878 
135 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
136 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
137 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
138 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
139 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
140 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
141 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0,757 0.816 0.834 0.882 0.864 
142 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
143 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
144 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 LOGO 1.000 0.878 0.878 
145 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
146 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
147 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
148 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
149 0.700 0.535 0.476 0.548 0.486 0.764 0.679 0.782 0.69.;. 0.977 0.979 0.888 0.886 
150 0.486 0.401 0.354 0.401 0.354 0.825 0.729 0.825 0.729 1.000 1.000 0.883 0.883 
151 0.994 0.727 0.651 0.867 0.764 0.731 0.655 0.872 0.768 0.838 0.853 0.896 0.881 
152 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
153 0.994 0.727 0.651 0.867 0.764 0.731 0.655 0.872 0.768 0.838 0.853 0.896 0.881 
154 0.486 0.401 0.354 0.401 0.354 0.825 0.729 0.825 o.n9 1.000 l.OOO 0.883 0.883 
155 0.994 0.727 0.651 0.867 0.764 0.731 0.655 0.872 0.768 0.838 0.853 0.896 0.881 
156 0.486 0.401 0.354 0.401 0.354 0.825 0.729 0.825 0.729 1.000 1.000 0.883 0.883 
157 0.994 0.727 0.651 0.867 0.764 0.731 0.655 0.872 0.768 0.838 0.853 0.896 0.881 
158 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
159 0.700 0.535 0.476 0.548 0.486 0.764 0.679 0.782 0.694 0.977 0.979 0.888 0.886 
160 0.486 0.401 0.354 0.401 0.354 0.825 0.729 0.825 0.729 1.000 1.000 0.883 0.883 
161 0.632 0.419 0.349 0.429 0.357 0.663 0.552 0.679 0.564 0.976 0.978 0.833 0.831 
162 0.539 0.423 0.377 0.423 0.377 0.784 0.700 0.784 0.700 1.000 1.000 0.893 0.893 
163 0.632 0.419 0.349 0.429 0.357 0.663 0.552 0.679 0.564 0.976 0.978 0.833 0.831 
164 0.539 0.423 0.377 0.423 0.377 0.784 0.700 0.784 0.700 1.000 1.000 0.893 0.893 
165 0.632 0.419 0.349 0.429 0.357 0.663 0.552 0.679 0.564 0.976 0.978 0.833 0.831 
166 0.539 0.423 0.377 0.423 0.377 0.784 0.700 0.784 0.700 1.000 1.000 0.893 0.893 
167 0.632 0.4!9 0.349 0.429 0.357 0.663 0.552 0.679 0.564 0.976 0.978 0.833 0.831 
168 0.539 0.423 0.377 0.423 0.377 0.784 0.700 0.784 0.700 1.000 1.000 0.893 0.893 
169 0.632 0.419 0.349 0.429 0.357 0.663 0.552 0.679 0.564 0.976 0.978 0.833 0.831 
170 0.539 0.423 0.377 0.423 0.377 0.784 0.700 0.784 0.700 1.000 1.000 0.893 0.893 
171 0.632 0.419 0.349 0.429 0.357 0.663 0.552 0.679 0.564 0.976 0.978 0.833 0.831 
172 0.539 0.423 0.377 0.423 0.377 0.784 0.700 0.784 0.700 1.000 1.000 0.893 0.893 
173 0.700 0.469 0.402 0.484 0.414 0.670 0.574 0.691 0.591 0.969 0.972 0.857 0.855 
174 0.557 0.422 0.385 0.422 0.385 0.757 0.691 0.757 0.691 1.000 1.000 0.913 0.913 
175 0.539 0.442 0.402 0.442 0.402 0.821 0.746 0.821 0.746 1.000 1.000 0.908 0.908 
176 0.700 0.467 0.401 0.484 0.414 0.667 0.572 0.691 0.591 0.965 0.968 0.858 0.855 
177 0.497 0.427 0.387 0.427 0.387 0.861 0.779 0.861 0.779 1.000 1.000 0.905 0.905 
178 0.700 0.467 0.401 0.484 0.414 0.667 0.572 0.691 0.591 0.965 0.968 0.858 0.855 
179 0.497 0.427 0.387 0.427 0.387 0.861 0.779 0.861 0.779 1.000 1.000 0.905 0.905 
180 0.700 0.467 0.401 0.484 0.414 0.667 0.572 0.691 0.591 0.965 0.968 0.858 0.855 
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Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13~ Eq. 3.13,. Eq. 3.14.,...Eq. 3.14....,. Eq. 3.13 .. Eq. 3.13.,. Eq. 3.14..,.Eq. 3.14.,... Eq. 3.13 ... Eq. 3.13,.. New""" New*'" 
Spl. Orig. ~~o;;:g:-o;;:g:-~~~~Eq.3.14_,.,.Eq.3.14-~~ 
No. Conv.• New•• Conv.• New .. Conv.• New*" Conv.* New•• Conv.* 
New•• Eq. 3.13+ Eq. 3.14 ..... 
181 0.497 0.427 o._..s, 0.427 0,_.,87 0.861 0.179 0.86! 0.779 1.000 !.000 0.90) 0.903 
182 0.700 0.467 GAOl 0.484 0.414 0.667 0.572 0.691 0.591 0.965 0.968 
0.858 0.855 
183 0.497 0.427 0.387 0.427 0.387 0.861 0.779 0.861 0.779 1.000 1.000 
0.905 0.905 
184 0.700 0.469 0.402 0.484 0.414 0.670 0.574 0.691 0.591 0.969 0.972 
0.857 0.855 
185 0.557 0.422 0.385 0.422 0.385 0.757 0.691 0.757 0.691 1.000 LOGO 
0.913 0.913 
186 0.539 0.442 0.402 0.442 0.402 0.821 0.746 0.821 0.7..J.6 1.000 1.000 
0.908 0.908 
187 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 
0.868 0.866 
188 0.557 0.435 0.402 0.435 0.402 0.780 0.721 0.780 0.721 1.000 1.000 
0,924 0.924 
189 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 
0.920 0.920 
190 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 
0.868 0.866 
191 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 !.000 
0.920 0.920 
192 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 
0.976 0.868 0.866 
193 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 LOGO 1.000 
0.920 0.920 
194 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 
0.868 0.866 
195 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 
0.920 0.920 
196 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 
0.868 0.866 
197 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 
0.920 0.920 
198 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 
0.868 0.866 
199 0.557 0.435 0.402 0.435 0.402 0.780 0.721 0.780 0.721 1.000 1.000 
0.924 0.924 
200 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 
0.920 0.920 
201 0.724 0.498 0.-l-62 0.585 0.538 0.688 0.637 0.808 0.743 0.851 0.858 
0.927 0.919 
202 0.557 0.490 0.468 0.490 0.468 0.880 0.840 0.880 0.840 1.000 1.000 
0.954 0.954 
203 0.590 0.517 0.492 0.517 0.492 0.876 D.834 0.876 0.834 1.000 1.000 
0.952 0.952 
204 0.724 0.468 0.411 0.490 0.429 0.646 0.567 0.677 0.592 0.954 0.958 
0.879 0.875 
205 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 0.920 
0.920 
206 0.724 0.468 0.411 0.490 0.429 0.646 0.567 0.677 0.592 0.954 0.958 0.879 
0.875 
207 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 
0.920 0.920 
208 0.724 0.468 0.411 0.490 0.429 0.646 0.567 0.677 0.592 0.954 0.958 0.879 
0.875 
209 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 
0.920 0.920 
210 0.72~ 0.468 0.411 0.490 0.429 0.646 0.567 0.677 0.592 0.954 0.958 0.879 
0.875 
211 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 0.920 
0.920 
212 0.724 0.498 0.462 0.585 0.538 0.688 0.637 0.808 0.743 0.851 0.858 0.927 
0.919 
213 0.557 0.490 0.468 0.490 0.468 0.880 0.840 0.880 0.840 1.000 1.000 0.954 
0.954 
214 0.590 0.517 0.492 0.517 0.492 0.876 0.834 0.876 0.834 1.000 1.000 0.952 
0.952 
215 0.661 0.518 0.478 0.550 0.505 0.784 0.723 0.832 0.764 0.942 0.945 0.922 0.919 
216 0.641 0.544 0.499 0.577 0.528 0.848 0.779 0.900 0.824 0.943 0.946 0.918 0.915 
217 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 1.000 0.954 0.954 
218 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
219 0.661 0.518 0.478 0.550 0.505 0.784 0.723 0.832 0.764 0.942 0.945 0.922 0.919 
220 0.641 0.544 0.499 0.577 0.528 0.848 0.779 0.900 0.824 0.943 0.946 0,918 0.915 
221 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 1.000 0.954 
0.954 
222 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
223 0.577 0.468 0.412 0.481 0.423 0,811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
224 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
225 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
226 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
227 0.577 0.393 0.327 0.403 0.335 0.681 0.568 0.699 0.581 0.975 0.978 0.833 0.831 
228 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
229 0.577 0.393 0.327 0.403 0.335 0.681 0.568 0.699 0.581 0.975 0.978 0.833 0.831 
230 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
231 0.577 0.425 0.362 0.436 0.371 0.736 0.628 0.756 0.643 0.97-J. 0.976 0.852 
0.850 
232 0.453 0.402 0.363 0.402 0.363 0.886 0.801 0.886 0.801 1.000 1.000 0.905 0.905 
233 0.577 0.425 0.362 0.436 0.371 0.736 0.628 0.756 0.643 0.974 0.976 0.852 0.850 
234 0.453 0.402 0.363 0.402 0.363 0.886 0.801 0.886 0.801 1.000 1.000 0.905 0.905 
235 0.577 0.438 0.377 0.450 0.386 0.759 0.653 0.780 0.669 0.973 0.976 0.860 0.858 
236 0.461 0.409 0.372 0.409 0.372 0.887 0.808 0.887 0.808 1.000 1.000 0.911 0.911 
237 0.577 0.438 0.377 0.450 0.386 0.759 0.653 0.780 0.669 0.973 0.976 0.860 0.858 
238 0.4-61 0.409 0.372 0.409 0.312 0.887 0.808 0.887 0.808 1.000 1.000 0.911 0.911 
239 0.577 0.438 0.377 0.450 0.386 0.759 0.653 0.780 0.669 0.973 0.976 0.860 
0.858 
240 0.461 0.409 0.372 0.409 0.372 0.887 0.808 0.887 0.808 1.000 LOGO 0.911 0.911 
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Table D.tc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13+ Eq. 3.13+ Eq. 3.14-.-Eq. 3.14....- Eq. 3.13+ Eq. 3.13 .. Eq. 3.14 Eq. 3.14- Eq. 3.13 .. Eq. 3.13 .. New"'* New'""' 
Spl. Or:ig. Orig. Orig. Or:ig. Orig. ACI '95 ACI'95 ACI '95 ACI '95 Eq. 3.14....,.Eq. 3.14++ Conv.* Conv.• 
No. Conv.* Nev..'*"' Com·.• New*"' Conv.• New•• Conv.• New"'* Conv.• New** Eq. 3.13+ Eq. 3.14++ 
24[ 0.511 0.4.,'6 o ..,n 0.450 0.3'66 0.7)9 0.6:,J 0.78u 0.669 0.97;o 0.976 0.860 0.858 
242 0.461 0.409 0.372 0.409 0.372 0.887 0.808 0.887 0.808 1.000 1.000 0.911 0.911 
243 0.577 0.425 0.362 0.436 0.371 0.736 0.628 0.756 0.643 0.974 0.976 0.852 0.850 
244 0.453 0.402 0.363 0.402 0.363 0.886 0.801 0.886 0.801 1.000 1.000 0.905 0.905 
245 0.577 0.425 0.362 0.436 0.371 0.736 0.628 0.756 0.643 0.974 0.976 0.852 0.850 
246 0.453 0.402 0.363 0.402 0.363 0.886 0.801 0.886 0.801 1.000 1.000 0.905 0.905 
247 0.632 0.453 0.386 0.464 0.395 0.716 0.610 0.735 0.625 0.974 0.977 0.852 0.850 
248 0.497 0.427 0.387 0.427 0.387 0.861 0.779 0.861 0.779 1.000 1.000 0.905 0.905 
249 0.632 0.453 0.386 0.464 0.395 0.716 0.610 0.735 0.625 0.974 0.977 0.852 0.850 
250 0.497 0.427 0.387 0.427 0.387 0.861 0.779 0.861 0.779 1.000 1.000 0.905 0.905 
251 0.632 0.466 0.401 0.479 0.411 0.738 0.635 0.758 0.650 0.974 0.976 0.860 0.858 
252 0.505 0.435 0397 0.435 0.397 0.862 0.785 0.862 0.785 1.000 1.000 0.911 0.911 
253 0.632 0.466 0.401 0.479 0.41 1 0.738 0.635 0.758 0.650 0.974 0.976 0.860 0.858 
254 0.505 0.435 0.397 0.435 0.397 0.862 0.785 0.86:' 0.785 1.000 1.000 0.911 0.911 
255 0.632 0.499 0.439 0.513 0.450 0.789 0.694 0.811 0.712 0.973 0.975 0.880 0.878 
256 0.557 0.445 0.415 0.445 0.415 0.798 0.744 0.798 0.744 1.000 1.000 0.933 0.933 
257 0.539 0.467 0.434 0.467 0.434 0.868 0.806 0.868 0.806 1.000 1.000 0.929 0.929 
258 0.632 0.499 0.439 0.513 0.450 0.789 0.694 0.811 0.712 0.973 0.975 0.880 0.878 
259 0.557 0.445 0.415 0.445 0.415 0.798 0.744 0.798 0,744 1.000 1.000 0.933 0.933 
260 0.539 0.467 0.434 0.467 0.434 0.868 0.806 0.868 0.806 1.000 LOGO 0.929 0.929 
261 0.700 0.521 0.464 0.541 0.480 0.744 0.662 0.773 0.686 0.963 0.965 0.890 0.888 
262 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
263 0.700 0.521 0.464 0.541 0.480 0.744 0.662 0.773 0.686 0.963 0.965 0.890 0.888 
264 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
265 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 0.868 0.866 
266 0.557 0.435 0.402 0.435 0.402 0.780 0.721 0.780 0.721 l.OOO 1.000 0.924 0.924 
267 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 l.OOO 1.000 0.920 0.920 
268 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 0.868 0.866 
269 0.557 0.435 0.402 0.435 0.402 0.780 0.721 0.780 0.721 I.OOO 1.000 0.924 0.924 
270 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 0.920 0.920 
271 0.724 0.554 0.511 0.585 0.538 0.764 0.705 0.808 0.743 0.946 0.949 0.922 0.919 
272 0.702 0.581 0.533 0.614 0.562 0.827 0.760 0.874 0.800 0.946 0.949 0.918 0.915 
273 0.557 0.490 0.468 0.490 0.468 0.880 0.840 0.880 0.840 1.000 1.000 0.954 0.954 
274 0.590 0.517 0.492 0517 0.492 0.876 0.834 0.876 0.834 1.000 1.000 0.952 0.952 
275 0.724 0.554 0.511 0.585 0.538 0.764 0.705 0.808 0.743 0.946 0.949 0.922 0.919 
276 0.702 0.581 0.533 0.614 0.562 0.827 0.760 0.874 0.800 0.946 0.949 0.918 0.915 
277 0.557 0.490 0.468 0.490 0.468 0.880 0.840 0.880 0.840 1.000 1.000 0.954 0.954 
278 0.590 0.517 0.492 0.517 0.492 0.876 0.834 0.876 0.834 l.OOO 1.000 0.952 0.952 
279 0.577 0.449 0.390 0.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
280 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
281 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
282 0.577 0.449 0.390 0.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
283 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
284 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
285 0.577 0.449 0.390 0.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
286 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
287 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
288 0.655 0.518 0.448 0.572 0.489 0.791 0.684 0.874 0.746 0.905 0.917 0.865 0.854 
289 0.504 0.398 0.344 0.440 0.376 0.791 0.684 0.874 0.746 0.905 0.917 0.865 0.854 
290 0.655 0.518 0.448 0.572 0.489 0.791 0.684 0.874 0.746 0.905 0.917 0.865 0.854 
291 0.504 0.398 0.344 0.440 0.376 0.791 0.684 0.874 0.746 0.905 0.917 0.865 0.854 
292 0.655 0.518 0.448 0.572 0.489 0.791 0.684 0.874 0.746 0.905 0.917 0.865 0.854 
293 0.504 0.398 0.344 0.440 0.376 0.791 0.684 0.874 0.746 0.905 0.917 0.865 0.854 
294 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
295 0.444 0.336 0.285 0.351 0.296 0.756 0.643 0.791 0.668 0.956 0.963 0.850 0.844 
296 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
297 0.648 0.468 0.400 0.564 0.471 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
298 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
299 0.444 0.336 0.285 0.351 0.296 0,756 0.643 0.791 0.668 0.956 0.963 0.850 0.844 
300 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 0.847 0.859 0.839 
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Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13",_ Eq. 3.13,_ Eq. 3.14~ Eq. 3J4++ Eq. 3.13 .. Eq. 3.13+ Eq. 3.14-Eq. 3.14...,_ Eq. 3.13~ Eq. 3.13 .. New** Nev.'** 
Spl. Orig. ~~~~~ ACI'95 ~ ACI'95 Eq.3.14-Eq.3.14++ Conv.* Conv.* 
No. Conv.* New** Conv.* New** Conv.* Nev.'** Conv.* New** Conv.* New** Eq. 3.13+ Eq. 3.14 .... 
301 0.444 0.341 0.291 0.341 0.291 0.768 0.636 0.76& 0.656 1.00(1 1.000 O.b4 0.834 
302 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 0.&47 0.859 0.839 
303 0.444 0.341 0.291 0.341 0.291 0.768 0.656 0.768 0.656 1.000 LOOO 0.854 0.854 
304 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 0.847 0.859 0.839 
305 0.444 0.341 0.291 0.341 0.291 0.768 0.656 0.768 0.656 1.000 1.000 0.854 0.854 
306 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
307 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
308 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
309 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
310 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
311 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
312 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
313 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
314 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
315 0.444 0.370 0.325 0.370 0.325 0.835 0.733 0.835 0.733 1.000 1.000 0.878 0.878 
316 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
317 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 LOGO 1.000 0.877 0.877 
318 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 0.847 0.859 0.839 
319 0.444 0.341 0.291 0.341 0.291 0.768 0.656 0.768 0.656 1.000 1.000 0.854 0.854 
320 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 0.847 0.859 0.839 
321 0.444 0.341 0.291 0.341 0.291 0.768 0.656 0.768 0.656 1.000 1.000 0.854 0.854 
322 0.857 0.617 0.530 0.746 0.626 0.721 0.619 0.870 0.731 0.828 0.847 0.859 0.839 
323 0.444 0.341 0.291 0.341 0.291 0.768 0.656 0.768 0.656 1.000 1.000 0.854 0.854 
324 1.002 0.700 0.613 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 0.858 
325 0.539 0.402 0.352 0.402 0.352 0.746 0.654 0.746 0.654 1.000 1.000 0.877 0.877 
326 1.002 0.700 0.613 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 0.858 
327 0.486 0.387 0.337 0.387 0.337 0.795 0.694 0.795 0.694 1.000 1.000 0.872 0.872 
328 1.002 0.700 0.613 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 0.858 
329 0.539 0.402 0.352 0.402 0.352 0.746 0.654 0.746 0.654 1.000 1.000 0.877 0.877 
330 1.002 0.700 0.613 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 0.858 
331 0.539 0.402 0.352 0.402 0.352 0.746 0.654 0.746 0.654 1.000 1.000 0.877 0.877 
332 1.002 0.700 0.613 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 0.858 
333 0.486 0.387 0.337 0.387 0.337 0.795 0.694 0.795 0.694 1.000 1.000 0.872 0.872 
334 1.002 0.700 0.613 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 0.858 
335 0.539 0.402 0.352 0.402 0.352 0.746 0.654 0.746 0.654 1.000 1.000 0.877 0.877 
336 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0,883 
337 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
338 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
339 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
340 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
341 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
342 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
343 0.557 0.398 0.355 0.398 0.355 0.715 0.638 0.7l5 0.638 1.000 1.000 0.893 0.893 
344 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
345 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
346 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
347 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
348 0.557 0.398 0.355 0.398 0.355 0.715 0.638 0.715 0.638 1.000 1.000 0.893 0.893 
349 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
350 0.700 0.505 0.444 0.522 0.458 0.722 0.634 0.746 0.654 0.968 0.970 0.879 0.877 
351 0.557 0.440 0.409 0.440 0.409 0.790 0.733 0.790 0.733 LOGO 1.000 0.929 0.929 
352 0.632 0.499 0.439 0.513 0.450 0.789 0.694 0.8ll 0.712 0.973 0.975 0.880 0.878 
353 0.557 0.445 0.415 0.445 0.415 0.798 0.744 0.798 0.744 1.000 1.000 0.933 0.933 
354 0.700 0.505 0.444 0.522 0.458 0.722 0.634 0.746 0.654 0.968 0.970 0.879 0.877 
355 0.557 0.440 0.409 0.440 0.409 0.790 0.733 0.790 0.733 1.000 1.000 0.929 0.929 
356 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
357 0.557 0.449 0.420 0.449 0.420 0.805 0.754 0.805 0.754 1.000 1.000 0.936 0.936 
358 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
359 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
360 0.557 0.449 0.420 0.449 0.420 0.805 0.754 0.805 0.754 1.000 1.000 0.936 0.936 
353 
Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13+ Eq. 3.13"" Eq_ :3.14.,..,_Eq. 3.14 Eq. 3.13+ Eq. 3.13+ Eq. 3.14-Eq. 3.14.,..._ Eq. 3.13~ Eq. 3.13 .. ~~ 
Spl. Orig. Orig. Orig. Orig. Orig. ACI'95 ACI'95 ACI'95 ACI '95 Eq. 3.14-Eq. 3.14.,.... Com•."' Conv.* 
No. Conv."' New** Conv.* New*"' Conv.• New** Conv.* New** Conv.* New** Eq. 3.13+ Eq. 3.14++ 
361 0.539 {}.472 0.440 C.472 0.446 0.&15 O.Si 7 O.ili' 0.817 LOOG 1.000 0.9,3 0.9.J.J 
362 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
363 0.557 0.449 0.420 0.449 0.420 0.805 0.754 0.805 0.754 1.000 1.000 0.936 0.936 
364 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
365 0.577 0.449 0.390 0.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
366 0.509 0.408 0.377 (•.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
367 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
368 0.577 0.449 0.390 (1_461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
369 0.509 0.408 0.377 G.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
370 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
371 0.577 0.449 0.390 (•.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
372 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
373 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
374 0.577 0.449 0.390 0.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
375 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
376 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
377 0.894 0.642 0.558 0.780 0.664 0.718 0.625 0.873 0.743 0.822 0.841 0.870 0.851 
378 0.492 0.369 0.321 C•.374 0.325 0.751 0.653 0.760 0.660 0.988 0.990 0.870 0.869 
379 0.894 0.642 0.558 0.780 0.664 0.718 0.625 0.873 0.743 0.822 0.841 0.870 0.851 
380 0.658 0.498 0.437 0.589 0.509 0.757 0.665 0.896 0.773 0.844 0.860 0.879 0.863 
381 0.894 0.642 0.558 0.780 0.664 0.718 0.625 0.873 0.743 0.822 0.841 0.870 0.851 
382 0.658 0.498 0.437 0.589 0.509 0.757 0.665 0.896 0.773 0.844 0.860 0.879 0.863 
383 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
384 0.492 0.397 0.354 0.402 0.358 0.807 0.720 0.817 0.728 0.987 0.989 0.893 0.891 
385 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
386 0.492 0.350 0.299 0.354 0.302 0.711 0.608 0.719 0.614 0.989 0.990 0.855 0.854 
387 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
388 0.621 0.473 0.409 0_556 0.471 0.762 0.658 0.895 0.759 0.851 0.868 0.864 0.847 
389 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0,726 0.830 0.850 0.855 0.835 
390 0.621 0.473 0.409 0.556 0.471 0.762 0.658 0.895 0.759 0.851 0.868 0.864 0.847 
391 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
392 0.492 0.397 0.354 0.402 0.358 0.807 0.720 0.817 0.728 0.987 0.989 0.893 0.891 
393 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
394 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
395 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
396 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
397 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
398 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
399 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
400 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
401 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
402 0444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
403 0.915 0.656 0.575 0.801 0.687 0.7l7 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
404 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
405 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
406 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
407 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
408 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
409 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
410 0.444 0.363 0.317 0_363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
411 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
412 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
413 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
414 0.444 0.363 0.317 0.363 0.317 0.818 0.714 0.818 0.714 1.000 1.000 0.872 0.872 
415 0.968 0.691 0.617 0_851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
416 0.444 0383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
417 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
418 0.492 0.350 0.299 0.354 0.302 0.711 0.608 0.719 0.614 0.989 0.990 0.855 0.854 
419 0.843 0.608 0.520 0.733 0.612 0.711 0.617 0.869 0,726 0.830 0.850 0.855 0.835 
420 0.621 0.473 0.409 0.556 0.471 0.762 0.658 0.895 0.759 0.851 0.868 0.864 0.847 
354 
Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13"' Eq. 3.13- Eq. 3.1.! Eq. 3.14...,_ Eq. 3.13~ Eq. 3.13.,_ Eq. 3.14 .... Eq. 3.14++ Eq. 3.13+ Eq. 3.13_,_ New** New** 
Spl. Orig. ~~~~ ACI'95 ACI'95 ACI'95 AIT95""Eq.3.14++Eq.3.l4..,_ Conv."' Conv.* 
No. Conv.* New** Conv.• New** Conv.* Nev.'** Conv.• New** Conv.• New** Eq. 3.13+ Eq. 3.14 .... 
421 0.843 0.608 0.)20 0.7~..:- 6.612 0.721 0.617 0.&69 0.726 0.830 0.8)0 0.&53 0.8.J3 
422 0.621 0.473 0.409 0.556 0.471 0.762 0.658 0.895 0.759 0.851 0.868 0.864 0.847 
423 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
424 0.492 0.397 0354 0.40:! 0.358 0.807 0.720 0.817 0.728 0.987 0.989 0.893 0.891 
425 0.953 0.668 0.576 0.807 0.680 0.701 0.605 0.847 0.714 0.828 0.847 0.863 0.843 
426 0.486 0.368 0.316 0.368 0.316 0.758 0.650 0.758 0.650 1.000 1.000 0.858 0.858 
427 0.979 0.685 0.596 0.831 0.707 0.699 0.609 0.849 0.722 0.824 0.843 0.870 0.851 
428 0.486 0.378 0.327 0.378 0.327 0.778 0.673 0.778 0.673 1.000 1.000 0.866 0.866 
429 0.979 0.685 0.596 0.831 0.707 0.699 0.609 0.849 0.722 0.824 0.843 0.870 0.851 
430 0.486 0.378 0.327 0.378 0.327 0.778 0.673 0.778 0.673 1.000 1.000 0.866 0.866 
431 1.061 0.737 0.658 0.906 0.793 0.695 0.620 0.854 0.748 0.813 0.830 0.893 0.875 
432 0.486 0.407 0.362 0.407 0.362 0.838 0.745 0.838 0.745 1.000 1.000 0.888 0.888 
433 0.979 0.685 0.596 0.831 0.707 0.699 0.609 0.849 0.722 0.824 0.843 0.870 0.851 
434 0.486 0.378 0.327 0.378 0.327 0.778 0.673 0.778 0.673 1.000 1.000 0.866 0.866 
435 0.979 0.685 0.596 0.831 0.707 0.699 0.609 0.849 0.722 0.824 0.843 0.870 0.851 
436 0.486 0.378 0.327 0.378 0.327 0.778 0.673 0.778 0.673 1.000 1.000 0.866 0.866 
437 0.979 0.685 0.596 0.831 0.707 0.699 0.609 0.849 0.722 0.824 0.843 0.870 0.851 
438 0.486 0.378 0.327 0.378 0.327 0.778 0.673 0.778 0.673 1.000 1.000 0.866 0.866 
439 1.090 0.756 0.681 0.934 0.826 0.693 0.625 0.856 0.757 0.809 0.825 0.901 0.884 
440 0.487 0.418 0.375 0.418 0.375 0.859 0.771 0.859 0.771 1.000 1.000 0.897 0.897 
441 0.642 0.520 0.459 0.549 0.482 0.810 0.716 0.855 0.751 0.947 0.953 0.884 0.878 
442 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
443 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
444 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
445 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
446 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
447 0.738 0.600 0.562 0.639 0.595 0.814 0.761 0.866 0.807 0.939 0.943 0.936 0.932 
448 0.539 0.450 0.412 0.450 0.412 0.835 0.764 0.835 0.764 1.000 1.000 0.915 0.915 
449 0.642 0.520 0.459 0.549 0.482 0.810 0.716 0.855 0.751 0.947 0.953 0.884 0.878 
450 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
451 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
452 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
453 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
454 0.539 0.416 0.370 0.416 0.370 0.773 0.686 0.773 0.686 1.000 1.000 0.888 0.888 
455 0.738 0.600 0.562 0.639 0.595 0.814 0.761 0.866 0.807 0.939 0.943 0.936 0.932 
456 0.539 0.450 0.412 0.450 0.412 0.835 0.764 0.835 0.764 1.000 1.000 0.915 0.915 
457 0.632 0.437 0.368 0.448 0.377 0.691 0.583 0.709 0.596 0.975 0.977 0.843 0.841 
458 0.557 0.414 0.375 0.414 0.375 0.743 0.672 0.743 0.672 1.000 1.000 0.906 0.906 
459 0.539 0.433 0.391 0.433 0.391 0.804 0.725 0.804 0.725 1.000 1.000 0.901 0.901 
460 0.632 0.437 0.368 0.448 0.377 0.691 0.583 0.709 0.596 0.975 0.977 0.843 0.841 
461 0.539 0.433 0.391 0.433 0.391 0.804 0.725 0.804 0.725 1.000 1.000 0.901 0.901 
462 0.632 0.437 0.368 0.448 0.377 0.691 0.583 0.709 0.596 0.975 0.977 0.843 0.841 
463 0.539 0.433 0.391 0.433 0.391 0.804 0.725 0.804 0.725 1.000 1.000 0.901 0.901 
464 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
465 0.557 0.449 0.420 0.449 0.420 0.805 0.754 0.805 0.754 1.000 1.000 0.936 0.936 
466 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
467 0.632 0.478 0.415 0.491 0.425 0.757 0.657 0.778 0.673 0.973 0.976 0.868 0.866 
468 0.557 0.435 0.402 0.435 0.402 0.780 0.721 0.780 0.721 1.000 1.000 0.924 0.924 
469 0.539 0.457 0.420 0.457 0.420 0.848 0.780 0.848 0.780 1.000 1.000 0.920 0.920 
470 0.768 0.634 0.606 0.679 0.646 0.826 0.789 0.884 0.841 0.935 0.938 0.954 0.952 
471 0.591 0.490 0.468 0.522 0.497 0.831 0.793 0.884 0.841 0.940 0.942 0.954 0.952 
472 0.577 0.476 0.421 0.490 0.433 0.825 0.731 0.849 0.750 0.972 0.974 0.885 0.883 
473 0.509 0.421 0.395 0.421 0.395 0.828 0.776 0.828 0.776 1.000 1.000 0.936 0.936 
474 0.492 0.443 0.414 0.443 0.414 0.901 0.841 0.901 0.841 1.000 1.000 0.933 0.933 
475 0.577 0.476 0.421 0.490 0.433 0.825 0.731 0.849 0.750 0.972 0.974 0.885 0.883 
476 0.509 0.421 0.395 0.421 0.395 0.828 0.776 0.828 0.776 1.000 1.000 0.936 0.936 
477 0.492 0.443 0.414 0.443 0.414 0.901 0.841 0.901 0.841 1.000 1.000 0.933 0.933 
478 0.639 0.491 0.437 0.508 0.451 0.768 0.684 0.795 0.706 0.966 0.969 0.890 0.888 
479 0.509 0.421 0.395 0.421 0.395 0.828 0.776 0.828 0.776 1.000 1.000 0.936 0.936 
480 0.492 0.443 0.414 0.443 0.414 0.901 0.841 0.901 0.841 1.000 1.000 0.933 0.933 
355 
Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3. 13+ Eq. 3.13"'" Eq. 3.14....,.Eq. 3.14 Eq. 3.13- Eq. 3.1l' Eq. 3.14...,.Eq. 3.14+;- Eq. 3.13- Eq. 3.13+ New** New'"* 
---------------------------------------~------
Spl. Orig. Orig. Orig. Orig. Orig. ACI'95 ACI'95 ACI'95 ACJ'95 Eq.3.14 ..... Eq.3.!4 Com•.* Conv.* 
No. Conv.* Ne..., .. "' Conv.* Newn Com·.• Nev ... • O:mv.• New** Conv.• New** Eq. 3.13+ Eq. 3.14 ... 
481 0.639 0.491 0.4.:~7 0.508 0.451 0.16& 0.684 0.793 0.706 0.966 0.969 0.890 0.888 
482 0.509 0.421 0.395 0.421 0.395 0.828 0.776 0.828 0.776 1.000 1.000 0.936 0.936 
483 0.492 0.443 0.414 0.443 0.414 0.901 0.841 0.901 0.841 LOOO 1.000 0.933 0.933 
484 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
485 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
486 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
487 0.492 0.385 0.339 0.385 0.339 0.782 0.690 0.782 0.690 1.000 1.000 0.882 0.882 
488 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
489 0.492 0.385 0339 0.385 0.339 0.782 0.690 0.782 0.690 1.000 1.000 0.882 0.882 
490 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
491 0.492 0.385 0.339 0.385 0.339 0.782 0.690 0.782 0.690 1.000 1.000 0.882 0.882 
492 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
493 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
494 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
495 0.492 0.385 0.339 0.385 0.339 0.782 0.690 0.782 0.690 1.000 1.000 0.882 0.882 
496 0.934 0.668 0.590 0.819 0.707 0.715 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
497 0.492 0.385 0.339 0.385 0.339 0.782 0.690 0.782 0.690 1.000 1.000 0.882 0.882 
498 0.934 0.668 0.590 0.819 0.707 0.7I5 0.631 0.876 0.757 0.816 0.834 0.882 0.864 
499 0.492 0.385 0.339 0.385 0.339 0.782 0.690 0.782 0.690 1.000 1.000 0.882 0.882 
500 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
501 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
502 0.951 0.680 0.603 0.835 0.726 0.714 0.634 0.878 0.763 0.814 0.831 0.888 0.869 
503 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
504 0.951 0.680 0.603 0.835 0.726 0.714 0.634 0.878 0.763 0.814 0.831 0.888 0.869 
505 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
506 0.595 0.496 0.441 0.524 0.463 0.834 0.741 0.881 0.778 0.947 0.952 0.889 0.883 
507 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
508 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
509 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
510 0.951 0.680 0.603 0.835 0.726 0.714 0.634 0.878 0.763 0.814 0.831 0.888 0.869 
511 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
512 0.951 0.680 0.603 0.835 0.726 0.714 0.634 0.878 0.763 0.814 0.831 0.888 0.869 
513 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
514 0.595 0.496 0.441 0.524 0.463 0.834 0.741 0.881 0.778 0.947 0.952 0.889 0.883 
515 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
516 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
517 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
518 0.951 0.680 0.603 0.835 0.726 0.714 0.634 0.878 0.763 0.814 0.831 0.888 0.869 
519 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
520 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
521 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
522 0.577 0.393 0.327 0.403 0.335 0.681 0.568 0.699 0.581 0.975 0.978 0.833 0.831 
523 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
524 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
525 0.492 0.350 0.299 0.357 0.305 0.711 0.608 0.726 0.619 0.979 0.982 0.855 0.852 
526 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
527 0.648 0.468 0.400 0.564 0.471 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
528 0.843 0.608 0.520 0.733 0.612 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
529 0.648 0.468 0.400 0.564 0.471 0.721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
530 0.843 0.608 0.520 0.733 0.612 0,721 0.617 0.869 0.726 0.830 0.850 0.855 0.835 
531 0.492 0.350 0.299 0.357 0.305 0.711 0.608 0.726 0.619 0.979 0.982 0.855 0.852 
532 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
533 0.539 0.372 0.318 0.380 0.324 0.691 0.591 0.706 0.602 0.979 0.982 0.855 0.852 
534 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
535 0.710 0.499 0.427 0.600 0.501 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
536 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
537 0.710 0.499 0.427 0.600 0.501 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
538 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
539 0.539 0.372 0.318 0.380 0.324 0.691 0.591 0.706 0.602 0.979 0.982 0.855 0.852 
540 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
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Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13~ Eq. 3.13~ Eq. 3.14-Eq. 3.14++ Eq. 3.13~ Eq. 3.1J,. Eq. 3.14.....-Eq. 3.14.,.... Eq. 3.13- Eq. 3.13+ New'"* New** 
Spl. Orig. ~~~~~~~ A0'95 Eq.3.14-Eq.3.14 ..... Conv."' Conv.* 
No. Conv.* Nev."'"' Conv.* New** Conv.* New** Conv."' New*"' Conv.* New*"' 
Eq. 3J3"'" Eq. 3.14* 
541 0.539 0.3 72 Q _ _,jg 0.372 0.318 0.691 0.591 0.691 0.591 1.000 1.000 0.855 
o_s,, 
542 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 
0.835 
543 0.703 0.514 0.443 0.612 0.516 0.731 0.630 0.870 0.733 0.841 
0.859 0.862 0.843 
544 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
545 0.710 0.499 0.427 0.600 0.501 0.703 0.601 0.845 0.706 0.832 0.851 0.855 0.835 
546 0.923 0.649 0.554 0.780 0.651 0.703 0.601 0.845 0.706 0.832 0.851 0.855 
0.835 
547 0.539 0.372 0.318 0.380 0.324 0.691 0.591 0.706 0.602 0.979 0.982 0.855 
0.852 
548 0.953 0.668 0.576 0.807 0.680 0.701 0.605 0.847 0.714 0.828 0.847 0.863 
0.843 
549 0.539 0.383 0.331 0.383 0.331 0.712 0.614 0.712 0.614 1.000 1.000 0.863 
0.863 
550 0.979 0.685 0.596 0.831 0.707 0.699 0.609 0.849 0.722 0.824 0.843 0.870 
0.851 
551 0.486 0.378 0.327 0.378 0.327 0.778 0.673 0.778 0.673 1.000 1.000 
0.866 0.866 
552 0.979 0.685 0.596 0.831 0.707 0.699 0.609 0.849 0.711 0.824 0.843 0.870 0.851 
553 0.486 0.378 0.327 0.378 0.327 0.778 0.673 0.778 0.673 1.000 
1.000 0.866 0.866 
554 1.002 0.700 0.6!3 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 0.858 
555 0.486 0.387 0.337 0.387 0.337 0.795 0.694 0.795 0.694 1.000 1.000 0.872 0.872 
556 1.002 0.700 0.613 0.852 0.731 0.698 0.612 0.850 0.729 0.821 0.839 0.877 
0.858 
557 0.557 0.385 0.339 0.385 0.339 0.691 0.609 0.691 0.609 1.000 1.000 0.882 0.882 
558 1.023 0.713 0.629 0.872 0.753 0.697 0.615 0.852 0.736 0.818 0.836 0.882 
0.864 
559 0.486 0.394 0.346 0.394 0.346 0.811 0.712 0.811 0.712 1.000 1.000 0.878 0.878 
560 1.023 0.713 0.629 0.872 0.753 0.697 0.615 0.852 0.736 0.818 0.836 0.882 0.864 
561 0.486 0.394 0.346 0.394 0.346 0.811 0.712 0.811 0.712 1.000 1.000 0.878 0.878 
562 0.642 0.520 0.459 0.549 0.482 0.810 0.716 0.855 0.751 0.947 0.953 0.884 0.878 
563 0.557 0.398 0.355 0.398 0.355 0.715 0.638 0.715 0.638 1.000 1.000 0.893 0.893 
564 0.700 0.469 0.402 0.484 0.414 0.670 0.574 0.691 0.591 0.969 0.972 0.857 0.855 
565 0.557 0.422 0.385 0.422 0.385 0.757 0.691 0.757 0.691 1.000 1.000 0.913 0.913 
566 0.539 0.442 0.402 0.442 0.402 0.821 0.746 0.821 0.746 1.000 1.000 0.908 0.908 
567 0.632 0.437 0.368 0.448 0.377 0.691 0.583 0.709 0.596 0.975 0.977 0.843 0.841 
568 0.539 0.433 0.391 0.433 0.391 0.804 0.725 0.804 0.725 1.000 1.000 0.901 0.901 
569 0.632 0.437 0.368 0.448 0.377 0.691 0.583 0.709 0.596 0.975 0.977 0.843 0.841 
570 0.539 0.433 0.391 0.433 0.391 0.804 0.725 0.804 0.725 1.000 1.000 0.901 0.901 
571 0.700 0.469 0.402 0.484 0.414 0.670 0.574 0.691 0.591 0.969 0.972 0.857 0.855 
572 0.557 0.422 0.385 0.422 0.385 0.757 0.691 0.757 0.691 1.000 1.000 0.913 0.913 
573 0.539 0.442 0.402 0.442 0.402 0.821 0.746 0.821 0.746 1.000 1.000 0.908 0.908 
574 0.724 0.498 0.446 0.518 0.462 0.688 0.615 0.715 0.638 0.962 0.965 0.895 0.893 
575 0.557 0.449 0.420 0.449 0.420 0.805 0.754 0.805 0.754 1.000 1.000 0.936 0.936 
576 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
577 0.632 0.507 0.449 0.522 0.461 0.803 0.711 0.825 0.729 0.972 0.975 0.885 0.883 
578 0.557 0.449 0.420 0.449 0.420 0.805 0.754 0.805 0.754 1.000 1.000 0.936 0.936 
579 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
580 0.724 0.498 0.446 0.518 0.462 0.688 0.615 0.715 0.638 0.962 0.965 0.895 0.893 
581 0.557 0.449 0.420 0.449 0.420 0.805 0.754 0.805 0.754 1.000 1.000 0.936 0.936 
582 0.539 0.472 0.440 0.472 0.440 0.875 0.817 0.875 0.817 1.000 1.000 0.933 0.933 
583 0.661 0.515 0.475 0.550 0.505 0.779 0.719 0.832 0.764 0.937 0.940 0.922 0.919 
584 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 1.000 0.954 0.954 
585 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
586 0.661 0.515 0.475 0.550 0.505 0.779 0.719 0.832 0.764 0.937 0.940 0.922 0.919 
587 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 1.000 0.954 0.954 
588 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
589 0.661 0.515 0.475 0.550 0.505 0.779 0.719 0.832 0.764 0.937 0.940 0.922 0.919 
590 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 1.000 0.954 0.954 
591 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
592 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
593 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
594 0.577 0.476 0.421 0.490 0.433 0.825 0.731 0.849 0.750 0.972 0.974 0.885 0.883 
595 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
596 0.586 0.488 0.431 0.515 0.452 0.833 0.737 0.880 0.773 0.947 0.953 0.884 0.878 
597 0.444 0.377 0.333 0.377 0.333 0.849 0.750 0.849 0.750 1.000 1.000 0.883 0.883 
598 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
599 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
600 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
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Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13+ Eq. 3.13 .. Eq. 3.14 Eq. 3.14-Eq. 3.13"'" Eq. 3.13+ Eq. 3.14++Eq. 3.14++ Eq. 3.13+ Eq. 3.13+ Ne\\"'"" New"'* 
SpL Orig. ~~~~ ACI'95 ~~~Eq.3.14++Eq.3.14...,_ Conv.* ~ 
No. Conv.* New** Conv.* New** Conv."' New** Conv.* New*" Conv.* New** Eq. 3.13+ Eq. 3.14++ 
601 0.444 OJS_, 0 . .,40 6 . ..>8.) 0.340 0.86.:> 0.766 0.86_, 0.766 !.bOO 1.000 0.888 0.888 
602 0.968 0.691 0.617 0.851 0.745 0.713 0.637 0.879 0.769 0.811 0.828 0.893 0.875 
603 0.444 0.383 0.340 0.383 0.340 0.863 0.766 0.863 0.766 1.000 1.000 0.888 0.888 
604 0.595 0.496 0.441 0.524 0.463 0.834 0.741 0.881 0.778 0.947 0.952 0.889 0.883 
605 0.509 0.379 0.340 0.379 0.340 0.746 0.669 0.746 0.669 1.000 1.000 0.897 0.897 
606 0.577 0.410 0.346 0.421 0.354 0.7!1 0.599 0.730 0.6]4 0.974 0.977 0.843 0.841 
607 0.492 0.407 0.367 0.407 0.367 0.828 0.746 0.828 0.746 1.000 1.000 0.901 0.901 
608 0.595 0.496 0.441 0.524 0.463 0.834 0.741 0.881 0.778 0.947 0.952 0.889 0.883 
609 0.509 0.379 0.340 0.379 0.340 0.746 0.669 0.746 0.669 1.000 1.000 0.897 0.897 
610 0.595 0.496 0.441 0.524 0.463 0.834 0.741 0.881 0.778 0.947 0.952 0.889 0.883 
611 0.509 0.379 0.340 0.379 0.340 0.746 0.669 0.746 0.669 1.000 1.000 0.897 0.897 
612 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
613 0.492 0.407 0.367 0.407 0.367 0.828 0.746 0.828 0.746 1.000 1.000 0.901 0.901 
614 0.595 0.496 0.441 0.524 0.463 0.834 0.741 0.881 0.778 0.947 0.952 0.889 0.883 
615 0.509 0.379 0.340 0.379 0.340 0.746 0.669 0.746 0.669 1.000 1.000 0.897 0.897 
616 0.639 0.483 0.428 0.500 0.441 0.756 0.669 0.782 0.690 0.967 0.969 0.885 0.882 
617 0.509 0.400 0.366 0.400 0.366 0.786 0.719 0.786 0.719 1.000 1.000 0.916 0.916 
618 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
619 0.509 0.400 0.366 0.400 0.366 0.786 0.719 0.786 0.719 1.000 1.000 0.916 0.916 
620 0.639 0.483 0.428 0.500 0.441 0.756 0.669 0.782 0.690 0.967 0.969 0.885 0.882 
621 0.509 0.400 0.366 0.400 0.366 0.786 0.719 0.786 0.719 1.000 1.000 0.916 0.916 
622 0.639 0.464 0.405 0.480 0.418 0.726 0.634 0.751 0.653 0.968 0.970 0.873 0.870 
623 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
624 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
625 0.577 0.449 0.390 0.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
626 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
627 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
628 0.577 0.449 0.390 0.461 0.399 0.778 0.675 0.800 0.692 0.973 0.975 0.868 0.866 
629 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
630 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
631 0.639 0.464 0.405 0.480 0.418 0.726 0.634 0.751 0.653 0.968 0.970 0.873 0.870 
632 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
633 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
634 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
635 0.492 0.377 0.331 0377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
636 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
637 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
638 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
639 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
640 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
641 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
642 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
643 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
644 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
645 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
646 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
647 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
648 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
649 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
650 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
651 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
652 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
653 0.444 0.393 0.353 0393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
654 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0,730 0.6]4 0.974 0.977 0.843 0.841 
655 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
656 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
657 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 ].000 1.000 0.897 0.897 
658 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
659 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0,897 0.897 
660 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
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Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI'95 Eq. 3.13'" Eq. 3.trEq. 3.14~Eq. 3.14+<-Eq. 3.13~ Eq. 3.13' &j. 3.14.....-Eq. 3.14.,..,. Eq. 3J3' Eq. 3.13' New•• Ne..,'** 
Spl. Orig. ~~~~~ ACI'95 AC1'95 ACI'95 Eq.3.14++Eq.3.14.,...,_ Conv.* Conv.• 
No. Com·.• New*"' Conv.• New** Conv.* New** Conv.* New•• Conv.* New** Eq. 3.13 .. Eq. 3.14++ 
661 0.444 o _ _,g_, 0.35_, o _ _,g_, 0.353 0.884 6.793 0.884 0.79_, 1.000 1.000 0.89/ O.S97 
662 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
663 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
664 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
665 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
666 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
667 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
668 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
669 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
670 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
671 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
672 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
673 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
674 0.821 0.641 0.581 0.717 0.644 0.781 0.708 0.873 0.784 0.894 0.903 0.907 0.897 
675 0.557 0.438 0.402 0.479 0.436 0.787 0.721 0.859 0.782 0.916 0.923 0.917 0.910 
676 0.846 0.644 0.584 0.727 0.652 0.761 0.690 0.859 0.771 0.886 0.895 0.907 0.897 
677 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
678 0.846 0.644 0.584 0.727 0.652 0.761 0.690 0.859 0.771 0.886 0.895 0.907 0.897 
679 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
680 0.846 0.644 0.584 0.727 0.652 0.761 0.690 0.859 0.771 0.886 0.895 0.907 0.897 
681 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
682 0.836 0.652 0.595 0.730 0.660 0.780 0.712 0.874 0.790 0.893 0.901 0.913 0.904 
683 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
684 0.795 0.627 0.569 0.694 0.625 0.789 0.717 0.874 0.787 0.903 0.911 0.909 0.900 
685 0.557 0.438 0.402 0.479 0.436 0.787 0.721 0.859 0.782 0.916 0.923 0.917 0.910 
686 0.808 0.637 0.582 0.706 0.640 0.788 0.720 0.874 0.792 0.901 0.909 0.915 0.907 
687 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
688 0.836 0.652 0.595 0.730 0.660 0.780 0.712 0.874 0.790 0.893 0.901 0.913 0.904 
689 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
690 0.846 0.644 0.584 0.727 0.652 0.761 0.690 0.859 0.771 0.886 0.895 0.907 0.897 
691 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
692 0.836 0.652 0.595 0.730 0.660 0.780 0.712 0.874 0.790 0.893 0.901 0.913 0.904 
693 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
694 0.795 0.627 0.569 0.694 0.625 0.789 0.717 0.874 0.787 0.903 0.911 0.909 0.900 
695 0.557 0.438 0.402 0.479 0.436 0.787 0.721 0.859 0.782 0.916 0.923 0.917 0.910 
696 0.795 0.627 0.569 0.694 0.625 0.789 0.717 0.874 0.787 0.903 0.911 0.909 0.900 
697 0.557 0.438 0.402 0.479 0.436 0.787 0.721 0.859 0.782 0.916 0.923 0.917 0.910 
698 0.821 0.641 0.581 0.717 0.644 0.781 0.708 0.873 0.784 0.894 0.903 0.907 0.897 
699 0.557 0.438 0.402 0.479 0.436 0.787 0.721 0.859 0.782 0.916 0.923 0.917 0.910 
700 0.846 0.644 0.584 0.727 0.652 0.761 0.690 0.859 0.771 0.886 0.895 0.907 0.897 
701 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
702 0.846 0.644 0.584 0.727 0.652 0.761 0.690 0.859 0.771 0.886 0.895 0.907 0.897 
703 0.557 0.445 0.410 0.486 0.445 0.798 0.736 0.872 0.799 0.915 0.921 0.922 0.916 
704 0.756 0.626 0.594 0.669 0.632 0.828 0.785 0.885 0.836 0.936 0.939 0.949 0.945 
705 0.582 0.484 0.459 0.515 0.486 0.832 0.789 0.885 0.836 0.940 0.944 0.948 0.945 
706 0.661 0.441 0.387 0.460 0.403 0.667 0.586 0.696 0.609 0.958 0.961 0.878 0.875 
707 0.639 0.460 0.402 0.480 0.418 0.720 0.628 0.751 0.653 0.959 0.962 0.873 0.870 
708 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
709 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
710 0.661 0.441 0.387 0.460 0.403 0.667 0.586 0.696 0.609 0.958 0.961 0.878 0.875 
711 0.639 0.460 0.402 0.480 0.418 0.720 0.628 0.751 0.653 0.959 0.962 0.873 0.870 
712 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
713 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
714 0.661 0.441 0.387 0.460 0.403 0.667 0.586 0.696 0.609 0.958 0.961 0.878 0.875 
715 0.639 0.460 0.402 0.480 0.418 0.720 0.628 0.751 0.653 0.959 0.962 0.873 0.870 
716 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
717 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
718 0.661 0.441 0.387 0.460 0.403 0.667 0.586 0.696 0.609 0.958 0.961 0.878 0.875 
719 0.639 0.460 0.402 0.480 0.418 0.720 0.628 0.751 0.653 0.959 0.962 0.873 0.870 
720 0.509 0.408 0.377 0.408 0.377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
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Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13.,. Eq. 3.13~ Eq. 3.14...,.Eq. 3.14~ Eq. 3.13 ... Eq. 3.13 ... Eq. 3.14-Eq. 3.14_,...,_ Eq. 3.13 ... Eq. 3.13"" New** New** 
Spl. Orig. --o;g:---o;g:--o;:;g.--o;=;g.-~~~~ Eq. 3.14..-.-Eq.3.14-~~ 
No. Conv.• Newn Conv.* New"'* Conv.• New•• Conv.• Newn Conv.* 
New•• Eq. 3.13+ Eq. 3.14 .... 
721 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.811 0.&0.:. 1.006 1.000 0.920 0.920 
722 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 
0.858 
723 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 
0.877 0.877 
724 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
725 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
726 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 
0.837 0.877 0.858 
727 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 
0.877 0.877 
728 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
729 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
730 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
731 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
732 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
733 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
734 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
735 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
736 0.915 0.656 0.575 0.801 0.687 0.717 0.628 0.875 0.750 0.819 0.837 0.877 0.858 
737 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
738 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
739 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
740 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
741 0.444 0.393 0.353 0393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
742 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
743 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 LOOO 1.000 0.897 0.897 
744 0.577 0.410 0.346 0.421 0354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
745 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
746 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
747 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
748 0.577 0.410 0.346 0.421 0.354 0.7ll 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
749 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
750 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
751 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 LOOO 0.897 0.897 
752 0.577 0.410 0.346 0.421 0.354 0.711 0.599 0.730 0.614 0.974 0.977 0.843 0.841 
753 0.444 0.393 0.353 0.393 0.353 0.884 0.793 0.884 0.793 1.000 1.000 0.897 0.897 
754 0.577 0.468 0.412 0.48! 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
755 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
756 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
757 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
758 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
759 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
760 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
761 0.478 0.425 0.394 0.425 0.394 0.890 0.824 0.890 0.824 1.000 1.000 0.926 0.926 
762 0.661 0.397 0.354 0.460 0.403 0.600 0.536 0.696 0.609 0.862 0.879 0.892 0.875 
763 0.509 0.408 0.377 0.408 0377 0.803 0.742 0.803 0.742 1.000 1.000 0.924 0.924 
764 0.492 0.429 0.395 0.429 0.395 0.872 0.803 0.872 0.803 1.000 1.000 0.920 0.920 
765 0.661 0.397 0.354 0.460 0.403 0.600 0.536 0.696 0.609 0.862 0.879 0.892 0.875 
766 0.661 0.397 0.354 0.460 0.403 0.600 0.536 0.696 0.609 0.862 0.879 0.892 0.875 
767 0.577 0.470 0.410 0.496 0.429 0.816 0.711 0.859 0.744 0.949 0.956 0.872 0.867 
768 0.492 0.377 0.331 0.377 0.33 I 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
769 0.577 0.476 0.421 0.490 0.433 0.825 0.731 0.849 0.750 0.972 0.974 0.885 0.883 
770 0.492 0.391 0.347 0.391 0.347 0.795 0.706 0.795 0.706 1.000 1.000 0.888 0.888 
771 0.577 0.470 0.410 0.496 0.429 0.816 0.711 0.859 0.744 0.949 0.956 0.872 0.867 
772 0.492 0.377 0.331 0.377 0.331 0.767 0.672 0.767 0.672 1.000 1.000 0.877 0.877 
773 0.577 0.393 0.327 0.403 0.335 0.681 0.568 0.699 0.581 0.975 0.978 0.833 0.831 
774 0.492 0.397 0.354 0.397 0.354 0.807 0.720 0.807 0.720 1.000 1.000 0.893 0.893 
775 0.577 0.393 0.327 0.403 0.335 0.681 0.568 0.699 0.581 0.975 0.978 0.833 0.831 
776 0.492 0.397 0.354 0.397 0.354 0.807 0.720 0.807 0.720 1.000 1.000 0.893 0.893 
777 0.577 0.393 0.327 0.403 0.335 0.681 0.568 0.699 0.581 0.975 0.978 0.833 0.831 
778 0.492 0.397 0.354 0.397 0.354 0.807 0.720 0.807 0.720 1.000 1.000 0.893 0.893 
779 0.577 0.438 0.377 0.450 0.386 0.759 0.653 0.780 0.669 0.973 0.976 0.860 0.858 
780 0.492 0.423 0.387 0.423 0.387 0.859 0.786 0.859 0.786 1.000 1.000 0.915 0.915 
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Table D.lc 
Splice length ratios for beams in lateral load resisting frame system (continued) 
ACt '95 Eq. 3.13+ Eq. 3.13~ Eq. 3.14...,.B:j. 3.14++ Eq. 3.13 .. Eq. 3.13+ Eq. 3.14+->Eq. 3.14....,_ Eq. 3.13~ Eq. 3.13~ New•• Ne~* 
Spl. Orig. ~~~~~ ACI'95 ~ ACI'95 Eq.3.14....-Eq.3.14++ Conv.* Conv.* 
No. Conv.* New** Conv.• New*"' Conv.* Nev.'*"' Conv.* Nev..-*• Conv.• New•• Eq. 3.13+ Eq. 3.14++ 
781 0.3 77 OA.,S 0.37 I 0.450 0.386 0.759 0.653 0.780 D.669 0.97,;) 0.976 0.860 0.838 
782 0.492 0.423 0.387 0.423 0.387 0.859 0.786 0.859 0.786 1.000 1.000 0.915 0.915 
783 0.577 0.438 0.377 0.450 0.386 0.759 0.653 0.780 0.669 0.973 0.976 0.860 0.858 
784 0.492 0.423 0.387 0.423 0.387 0.859 0.786 0.859 0.786 1.000 1.000 0.915 0.915 
785 0.639 0.474 0.417 0.491 0.430 0.742 0.652 0.767 0.672 0.967 0.970 0.879 0.877 
786 0.509 0.413 0.384 0.413 0.384 0.813 0.755 0.813 0.755 1.000 1.000 0.929 0.929 
787 0.577 0.468 0.412 0.481 0.423 0.811 0.714 0.835 0.733 0.972 0.974 0.880 0.878 
788 0.492 0.439 0.408 0.439 0.408 0.893 0.830 0.893 0.830 1.000 1.000 0.929 0.929 
789 0.639 0.474 0.417 0.491 0.430 0.742 0.652 0.767 0.672 0.967 0.970 0.879 0.877 
790 0.509 0.413 0.384 0.413 0.384 0.813 0.755 0.813 0.755 1.000 1.000 0.929 0.929 
791 0.661 0.466 0.432 0.550 0.505 0.705 0.654 0.832 0.764 0.848 0.855 0.927 0.919 
792 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 1.000 0.954 0.954 
793 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
794 0.661 0.515 0.475 0.550 0.505 0.779 0.719 0.832 0.764 0.937 0.940 0.922 0.919 
795 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 l.OOO 0.954 0.954 
796 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
797 0.661 0.466 0.432 0.550 0.505 0.705 0.654 0.832 0.764 0.848 0.855 0.927 0.919 
798 0.509 0.461 0.440 0.461 0.440 0.906 0.864 0.906 0.864 1.000 1.000 0.954 0.954 
799 0.538 0.485 0.462 0.485 0.462 0.902 0.858 0.902 0.858 1.000 1.000 0.952 0.952 
800 0.983 0.695 0.612 0.837 0.723 0.707 0.622 0.852 0.735 0.830 0.847 0.880 0.863 
801 0.557 0.431 0.393 0.470 0.425 0.774 0.705 0.844 0.762 0.917 0.924 0.911 0.904 
802 0.983 0.695 0.612 0.837 0.723 0.707 0.622 0.852 0.735 0.830 0.847 0.880 0.863 
803 0.985 0.746 0.709 0.872 0.821 0.758 0.720 0.885 0.834 0.856 0.863 0.950 0.942 
804 1.037 0.781 0.740 0.908 0.853 0.754 0.714 0.876 0.823 0.860 0.867 0.947 0.940 
805 0.618 0.496 0.475 0.546 0.520 0.803 0.769 0.884 0.842 0.909 0.913 0.957 0.952 
806 0.654 0.523 0.499 0.573 0.545 0.799 0.762 0.876 0.833 0.912 0.916 0.954 0.950 
807 0.985 0.746 0.709 0.872 0.821 0.758 0.720 0.885 0.834 0.856 0.863 0.950 0.942 
808 1.037 0.781 0.740 0.908 0.853 0.754 0.714 0.876 0.823 0.860 0.867 0.947 0.940 
809 0.557 0.432 0.385 0.477 0.420 0.775 0.690 0.856 0.754 0.905 0.915 0.890 0.881 
810 0.814 0.620 0.554 0.697 0.616 0.762 0.681 0.856 0.756 0.890 0.900 0.894 0.883 
811 0.557 0.432 0.385 0.477 0.420 0.775 0.690 0.856 0.754 0.905 0.915 0.890 0.881 
812 0.758 0.614 0.574 0.672 0.625 0.810 0.757 0.887 0.824 0.913 0.919 0.935 0.930 
813 0.804 0.645 0.601 0.704 0.652 0.802 0.747 0.875 0.811 0.916 0.922 0.932 0.926 
814 0.583 0.472 0.442 0.517 0.481 0.810 0.757 0.887 0.824 0.913 0.919 0.935 0.930 
815 0.619 0.496 0.462 0.541 0.502 0.802 0.747 0.875 0.811 0.916 0.922 0.932 0.926 
816 0.563 0.463 0.431 0.500 0.462 0.822 0.764 0.887 0.820 0.926 0.931 0.930 0.925 
817 0.831 0.661 0.615 0.727 0.672 0.795 0.739 0.875 0.808 0.908 0.915 0.930 0.924 
818 0.563 0.463 0.431 0.500 0.462 0.822 0.764 0.887 0.820 0.926 0.931 0.930 0.925 
Max. 1.090 0.781 0.740 0.934 0.853 0.906 0.864 0.906 0.864 1.000 1.000 0.957 0.954 
Min. 0.444 0.336 0.285 0.341 0.291 0.600 0.536 0.677 0.564 0.809 0.825 0.833 0.831 
Avg. 0.622 0.480 0.427 0.516 0.455 0.782 0.697 0.826 0.731 0.949 0.954 0.890 0.885 
_2_- 190::{ 0.1 CM + 0.9) 
BJ. 3.1h I, 
f~l/4 Cm 
db 72 (c :bKtt) 
fy 
---1900 
~ 1, f'l/4 
BJ. 3.14 ' 
db 
72 ( c :bKtt) 
Conventional reinforcement (avg. R,. = 0.0727) .. New reinforcement (avg. R,.= 0.1275) 
Table D.2a Table D.2a 
Splice data for columns in lateral load resisting frame system Splice data for columns in lateral load resisting frame system (continued) 
Spliced Bars* Cover Transverse Rein[ Spliced Bars* Cover Transverse Reinf. 
Splice A Bars B Bars c, '• c,, At.ln s r, Splice A Bars B Bars '• '• c,i At.ln s r, 
No. #bars db (in.) #bars db (in.) (in.) (io.) (io.) (in. 2) (io.) (psi) 
I 4 1.41 4 1.41 2.00 2.00 7.59 0.200 6.60-5000 41 12 1.41 16 1.41 213 2.13 378 0.305 3.50 5000 
2 12 1.41 12 1.41 2.25 2.25 3.98 0.375 3.75 5000 42 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
3 12 1.41 16 1.41 2.13 2.13 3.78 0.305 3.50 5000 43 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 
No. #bars db (in.) #bars db (in.) (io.) (in) __ E~) (~~-2) (in.) (psi} 
4 28 1.41 24 1.41 2.13 2.13 1.77 0.237 4.00 5000 44 16 1.41 24 1.41 2.25 225 2.53 0.336 3.75 6000 
5 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 45 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
6 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 46 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
7 24 1.41 24 1.4 I 2.25 2.25 202 0.2RO 3.75 6000 47 12 1.41 16 1.41 2.13 2 IJ 3.7R 0.305 3.50 5000 
8 24 1.41 20 1.41 2.25 2.25 202 0.280 3.75 6000 48 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
9 4 1.41 4 1.41 2.00 2.00 7.59 0.200 6.00 5000 49 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 
10 16 1.41 16 1.41 213 2.13 2.84 0.244 3.50 5000 50 16 141 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 
II 16 1.41 20 1.41 2.13 213 2.66 0.284 4.00 5000 51 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
12 20 1.41 24 1.41 2.13 213 2.05 0.237 4.00 5000 52 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
13 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 53 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 
14 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 54 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
15 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 55 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
16 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 56 20 1.41 24 I .41 2.25 2.25 2 02 0.280 3.75 6000 w 17 4 1.41 4 1.41 2.00 2.00 7.59 0.200 6.00 5000 57 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 a, 
18 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 58 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 -19 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 59 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 
20 20 1.41 24 1.41 2.13 2.13 2.05 0.237 400 5000 60 20 1.41 24 1.41 213 2.13 2.05 0.237 4.00 5000 
21 24 1.41 24 1.41 2.25 2.25 202 0.280 3.75 6000 61 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
22 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 62 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
23 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 63 24 141 24 141 2.25 2.25 2.02 0.280 3.75 6000 
24 24 1.41 20 141 2.25 2.25 2.02 0.280 3.75 6000 64 24 1.41 20 141 2.25 2.25 2.02 0.280 3.75 6000 
25 4 1.41 4 1.41 2.00 2.00 7.59 0.200 6.00 5000 65 16 1.41 20 141 2 13 2.13 2.66 0.284 4.00 5000 
26 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 66 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
27 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 67 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
28 20 I .41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 68 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
29 24 1.41 24 1.41 2.25 2.2.5 2.02 0.280 375 6000 69 24 1.4 I 24 1.4 I 2 2.1 2 2.1 2.02 11.2811 375 fi(l()() 
30 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 70 24 1.41 20 I .4 I 2.25 2.25 2.02 0.280 3.75 6000 
31 24 1.41 24 1.41 2.25 225 2.02 0.280 3.75 6000 71 16 1.41 20 1.41 2 13 2 13 2.66 0.284 4.00 5000 
32 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 72 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
33 16 1.41 16 1.41 213 2.13 2.84 0.244 3.50 5000 73 24 141 24 1.41 2.25 2.25 2.02 0 280 3.75 6000 
34 10 1.41 20 1.41 213 2.13 2.66 0.284 4.00 5000 74 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
35 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 75 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
36 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 76 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
37 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 77 16 1.41 20 141 2.13 2.13 2.66 0.284 4.00 5000 
38 24 1.41 24 1.41 225 2.25 2.02 0.280 3.75 6000 78 20 1.41 24 1.41 213 2 13 2.05 0.237 4.00 5000 
39 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 79 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
40 12 1.41 12 1.41 2.25 2.25 3.98 0.375 3.75 5000 80 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
Table D.2a Table D.2a 
Splice data for columns in lateral load resisting frame system (continued) Splice data for columns in lateral load resisting frame system (continued) 
Spliced Bars• Cover Transverse Rein f. Spliced Bars* Cover Transverse Reinf. 
Splice A Bars B Bars c, Cro c,, A,in s r, Splice A Bars B Bars c, Cro c,; A1,in s f, 
No. # bars db (in.) #bars <it, (in.) (in.) (in.) (in.) (in.2) (in.) (~si) No. # bars db (in.) #bars db (in.} (in.) (in.) (in.) (in.
2
) (in.) (psi) 
81 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 121 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 
82 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 122 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
83 12 1.41 16 1.41 2.13 2.13 3.78 0.305 3.50 5000 123 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
84 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 124 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 
85 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 125 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 
86 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 126 24 1.41 24 1.41 2.13 2 13 2 05 0.237 4.00 5000 
87 24 141 24 1.41 2.25 2.25 2.02 0.280 :us MOO 127 24 141 24 141 2 2) 2 21 2 02 0 2HO J.7~ 6()()() 
88 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 128 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
89 12 1.41 12 1.41 2.25 2.25 3.98 0.375 3.75 5000 129 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
90 12 1.41 16 1.41 2.13 2.13 3.78 0.305 3.50 5000 130 24 1.41 20 1.41 2.25 2.25 202 0.280 3.75 6000 
91 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 131 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 
92 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 132 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 
93 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 133 24 1.41 24 1.41 2.!3 2.13 2.05 0.237 4.00 5000 
94 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 134 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
95 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 135 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
96 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 136 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
97 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 137 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
w 
a, 
98 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 138 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 N 
99 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 139 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 
100 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 140 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
101 24 1.41 24 1.41 2.25 2.25 202 0.280 3.75 6000 141 24 1.41 24 1.41 2.25 2.25 202 0.280 3.75 6000 
102 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 142 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
103 12 !.41 12 1.41 2.25 2.25 3.98 0.375 3.75 5000 143 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
104 12 1.41 16 1.41 2.13 2.13 3.78 0.305 3.50 5000 144 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
105 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 145 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 
106 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 146 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 
107 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 147 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
108 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 148 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
109 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 149 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
110 12 1.41 12 I .41 2.25 2.25 3.98 0.375 3.75 5000 150 24 1.41 24 I .41 2.25 2.25 2.02 0.2RO 3.75 6000 
Ill 12 1.41 16 1.41 2.13 2.13 3.78 0.305 3.50 5000 151 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
112 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 152 16 1.41 16 1.41 2.13 2.13 2 84 0.244 3.50 5000 
113 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 153 16 1.41 20 1.41 213 2.13 2.66 0284 4.00 5000 
114 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 154 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 
115 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 155 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
116 24 1.41 20 1.41 2.25 2.25 202 0.280 3.75 6000 156 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
117 12 1.41 12 1.41 2.25 2.25 3.98 0.375 3.75 5000 157 24 1.41 24 1.41 2.25 2.25 202 0.280 3.75 6000 
118 12 1.41 16 1.41 2 13 2.13 3.78 0.305 3.50 5000 158 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 
119 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 159 24 1.41 16 1.41 213 2.13 2.56 0.284 4.00 5000 
120 24 1.41 16 1.41 2.25 2.25 2.53 0.336 3.75 6000 160 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 
Table D.2a Table 1>.2a 
Splice data for columns in lateral load resisting frame system (continued) Splice data for columns in lateral load resisting frame system (continued) 
Spliced Bars* Cover Transverse Rein f. 
Splice A Bars B Bars '• Coo c,; A1,/n s f, 
No. #bars db (in.) #bars db (in.) (in.) (in.) (in.)_ (in.2) (in.) (psi) - 161 20 1.41 24 1.41 2.13 2.13 205 0.237 4.00 5000 201 20 1.41 24 1.41 2.25 2.25 2.02 '0.280 375 6000 162 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 202 32 1.41 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 163 20 1.41 24 1.41 2.25 2.25 202 0.280 3.75 6000 203 32 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 164 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 204 16 1.41 16 1.41 2.13 2.13 2 84 0.244 3.50 5000 165 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 205 16 1.41 16 1.41 2. !3 2 13 2.84 0.244 3.50 5000 
166 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 206 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 167 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 207 16 1.41 16 1.41 2.13 2.]] 2 84 0 244 3.50 5000 
168 20 1.41 24 1.41 2.13 2.1J 2.05 0.237 4.00 5000 208 16 1.41 24 141 225 2.25 2 .~J 0 JJ(l .175 6000 
169 24 1.41 24 1.41 2.25 2.25 202 0.280 3.75 6000 209 28 I .41 28 1.41 2.25 2 25 1.24 0.210 3.75 6000 170 20 141 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 210 28 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 171 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 211 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 172 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 212 32 141 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 173 16 1.41 16 1.41 2.13 2.13 2.84 0.244 3.50 5000 213 32 1.41 20 141 2.25 2.25 1.74 0.280 3.75 6000 174 16 1.41 20 1.41 2.13 2.13 2.66 0.284 4.00 5000 214 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 175 20 1.41 24 1.41 2.13 2.13 2.05 0.237 4.00 5000 215 32 1.41 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 
176 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 216 32 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 177 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 217 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 w ~ 178 24 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 218 32 1.41 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 w 179 24 1.41 20 1.41 2.25 2.25 2.02 0.280 3.75 6000 219 32 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 180 16 1.41 24 141 2.25 2.25 2.53 0.336 3.75 6000 220 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 181 28 141 28 1.41 2.25 2.25 1.24 0.210 3.75 6000 221 28 1.41 28 1.41 2.25 2.25 1.24 0.210 3.75 6000 182 28 1.41 20 141 2.25 2.25 1.74 0.280 3.75 6000 222 28 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 
183 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 223 16 141 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 
184 32 1.41 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 224 28 1.41 28 1.41 2.25 2.25 1.24 0.210 3.75 6000 
185 32 141 20 1.41 2.25 225 1.74 0.280 3.75 6000 225 28 1.41 20 1.41 2 25 2.25 1.74 0.280 3.75 6000 
186 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 226 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
187 32 1.41 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 227 32 1.41 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 
188 32 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 228 32 1.41 20 1.41 2.25 2.25 I .74 0.280 3.75 6000 
189 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 229 20 1.41 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 
190 28 1.41 28 1.41 2.25 2.25 1.24 0.210 3.75 6000 230 32 1.41 32 141 2.25 2.25 1.24 0.210 3.75 6000 
191 28 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 231 32 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 
192 16 1.41 24 1.41 2.25 2.25 2.53 0.336 3.75 6000 
Spliced Bars* Cover Transverse Reinf. 
Splice A Bars B Bars ,, Coo C~; A10/n s r, 
No. #bars db {in.) #bars db (in.) (in.) (in.) (in.) (in.2) (in.) (psi) 
193 28 141 28 1.41 2.25 2.25 1.24 0.210 3.75 6000 * A bars spliced to B bars 
194 28 1.41 20 141 2.25 2.25 1.74 0.280 3.75 6000 
195 20 141 24 1.41 2.25 2.25 2.02 0.280 3.75 6000 lin.= 25.4 mm; 1 psi= 6.89 kPa 
196 32 141 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 
197 32 I .41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 
198 20 1.41 24 141 2.25 2.25 2.02 0.280 3.75 6000 
199 32 1.41 32 1.41 2.25 2.25 1.24 0.210 3.75 6000 
200 32 1.41 20 1.41 2.25 2.25 1.74 0.280 3.75 6000 
367 
Table D.2c 
Splice length ratios for columns in lateral load resisting frame system 
ACI '95 Eq. 3.13~Eq: 3.13"'"Eq. 3.14~ Eq. 3.14-Eq. 3.13~Eq. 3.13"'"Eq. 3.14-Eq. 3.14 .... Eq. 3.13 .. Eq. 3.13.,. New"'* h"ew"'* 
SpL Orig. Orig. ~~~ ACI'95~ ACI'95 ~Eq.3.14-Eq.3.14++~ Conv.* 
No. Conv.• New** Conv.* New** Conv.* Nev ... • Conv.• New** Conv.* New** 
Eq. 3.13~ B;. 3.14++ 
1 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
2 0.598 OASD 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 ].000 1.000 1.000 
3 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
4 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
5 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
6 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
7 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 }.000 1.000 1.000 1.000 
8 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 ].000 1.000 1.000 
9 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1,000 1.000 1.000 1.000 
10 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
11 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
12 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
13 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 
].000 1.000 1.000 
14 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
15 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
16 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
17 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
18 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
19 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
20 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
21 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 ].000 1.000 1.000 
22 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
23 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
24 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
25 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
26 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
27 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
28 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
29 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
30 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
31 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
32 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 }.000 1.000 1.000 
33 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
34 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
35 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
36 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
37 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
38 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
39 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
40 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
41 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
42 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1000 1.000 
43 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 LOGO 
44 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 !.000 1.000 1.000 
45 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
46 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
47 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
48 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
49 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 }.000 1.000 1.000 1.000 
50 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
51 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
52 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
53 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
54 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
55 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
56 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
57 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
58 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
59 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 !.000 1.000 1.000 1.000 
60 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
61 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
62 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
63 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
64 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
65 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
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Table D.2c 
Splice length ratios for columns in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13 .. Eq. 3.13-&j. 3.14.,..Eq. 3.14-Eq. 3.13 .. Eq. 3.13+Eq. 3.14~Eq. 3.14 ..... Eq. 3.13- Eq. 3.13... New"'* ~ 
Spl. Orig. Orig. Orig. Orig. Orig. ACI '95 ACI '95 ACI'95 ACI '95 Eq. 3.14....-Eq. 3.14.....- Conv.* 
Conv.* 
No. Com·.* Nev.""* Conv.* New** Conv.* New*"' Com•.* New** Conv.* Nev.""* 
Eq. 3.13 ... Eq. 3.14 ..... 
66 0.39& 0.450 0.456 0.450 0.450 0.752 0.1:>1 0.151 0.752 LOOu 1.000 1.000 1.000 
67 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 
1.000 1.000 
68 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 LOOO 1.000 1.000 1.000 
69 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 
1.000 
70 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
71 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 
1.000 
72 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 
1.000 
73 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 
1.000 
74 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 
1.000 
75 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
76 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 
1.000 
77 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 
1.000 
78 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 
1.000 
79 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
80 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 LOOO 1.000 1.000 
81 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
82 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
83 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
84 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
85 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
86 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
87 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
88 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
89 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
90 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
91 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
92 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
93 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
94 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
95 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
96 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
97 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
98 0.598 0.450 0.450 0.450 0.450 0,752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
99 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
100 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
101 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
102 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 LOGO 1.000 
103 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
104 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
105 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
106 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
107 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
108 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
109 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
JJO 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
JJ1 0598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
ll2 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
113 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
JJ4 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
JJ5 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
JJ6 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
117 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
JJ8 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
JJ9 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
120 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
121 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
122 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
123 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
124 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
125 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
126 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
127 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
128 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
129 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
130 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
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Table D.2c 
Splice length ratios for columns in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13~Eq. 3.13+Eq. 3.14....,.Eq. 3.14+<-Eq. 3.13~Eq. 3J3~Eq. 3.14-Eq. 3.14+<- Eq. 3.13_,_ Eq. 3.13 ... New"'* ]';ev.'*"' 
Spl. Orig. Orig. ~~~ ACI'95 ACI'95 ACI'95 ACI'95 Eq.3.14...,.Eq.3J4.,.... Conv.* ~ 
No Conv.* New•• Conv.* New** ConY.* New*"' Conv.• Ne\v** Conv.* New** Eq. 3.13 ... Eq. 3.14++ 
131 0.398 0.430 0.450 0.450 0.450 0.7)2 0.152 0. 751 0.151 1.000 1.000 1.006 l.OOO 
132 0598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 t.boo 
133 0.598 0.450 0.450 0.450 0.450 0.152 0.752 0.752 0.752 LOGO 1.000 1.000 1.000 
134 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 !.000 1.000 
135 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 ].000 1.000 1.000 1.000 
136 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
137 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
138 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
139 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 ].000 1.000 1.000 1.000 
140 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
141 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 ].000 1.000 1.000 
142 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 ].000 1.000 LOOO 
143 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
144 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
145 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
146 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
147 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 LOGO 
148 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 ].000 1.000 1.000 1.000 
149 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
150 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
151 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
152 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
153 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
154 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 ].000 1.000 1.000 
155 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
156 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
157 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
158 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
159 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
160 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
161 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
162 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
163 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
164 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 ].000 1.000 
165 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
166 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 !.000 1.000 1.000 1.000 
167 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
168 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
169 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
170 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
171 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
172 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
173 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
174 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
175 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
176 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
177 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
178 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
179 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
180 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
181 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
182 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
183 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
184 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
185 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
186 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
187 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 !.000 !.000 1.000 1.000 
188 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
189 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
190 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
191 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
192 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
193 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
194 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
195 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 !.000 1.000 
370 
Table D.2c 
Splice length ratios for columns in lateral load resisting frame system (continued) 
ACI '95 Eq. 3.13*Eq. 3.13'"Eq. 3.14...,.Eq. 3.14-Eq. 3.13~Eq. 3J3+Eq. 3.14 Eq. 3.14.,... Eq. 3.13+ Eq. 3.13+ New** New** 
Spl. Orig. ~ Orig. ~~~~~~Eq.3.14-Eq.3.14-~~ 
No. Conv.* New*" Conv.* New** Conv.• Nev.'** Conv.• New*• Conv.* New** Eq. 3.13 .. Eq. 3.14...,. 
]96 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.060 1.000 
197 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
198 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
199 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 LOGO 1.000 1.000 1.000 
200 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
201 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
202 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
203 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
204 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
205 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
206 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
207 0.598 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
208 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
209 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
210 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
211 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
212 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
213 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
214 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
215 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
216 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
217 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
218 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
219 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
220 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
221 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
222 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
223 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
224 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
225 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 LOGO 
226 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
227 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
228 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
229 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
230 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
231 0.546 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
M..x. 0.598 0.450 0.450 0.450 0.450 0.824 0.824 0.824 0.824 1.000 1.000 1.000 1.000 
Min. 0.546 0.450 0.450 0.450 0.450 0.752 0.752 0.752 0.752 1.000 1.000 1.000 1.000 
Avg. 0.564 0.450 0.450 0.450 0.450 0.800 0.800 0.800 0.800 1.000 1.000 1.000 1.000 
!r_-1~X{0.1CM + 0.9) 
+ 1 f'l/4 c 
Eq. 3.13=....4.- c m 




&j. 3.14 ' db 
72 (c :bKtr) 
Conventional reinforcement (avg. R,.= 0.0727) .. New reinforcement (avg. R,."' 0.1275) 

